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ABSTRACT
The proliferation of dams has impacted over 67% of the world’s largest rivers, degrading 
ecosystems, severing river-watershed connectivity, and reducing water, sediment, and 
carbon supply from rivers to the coastal ocean by 20 to 100%. Many studies have focused 
on the downstream impacts of dams, but few have quantified the amounts and quality of 
organic matter stored within impoundments. This study examined organic carbon (OC) 
sources and accumulation in a reservoir in northern California to characterize the organic 
matter retained in terrestrial systems by these man-made structures and relate the amounts 
and quality of OC to mining, damming and flood events in the watershed. Englebright 
Lake was chosen for the study site because high sedimentation rates, resulting from 19th 
century hydraulic gold mining, offered high-resolution records of historic (1940-2002) 
change, detailed records of land-use and flood events provided a history of the watershed, 
and the construction of an upstream dam in 1970 offered the opportunity to analyze its 
hydrologic impacts. Sediments from Englebright Lake as well as soil, vegetation and 
aquatic samples from the lake and its watershed were analyzed as part of this study. 
Measured plutonium radioisotope profiles were used to calculate sediment and OC 
accumulation rates, and organic matter was characterized using total organic carbon 
(TOC) and nitrogen (TN) content, stable carbon and nitrogen isotopes (6 13C and 6 15N), 
and fatty acid, sterol, and lignin biomarkers. OC signatures from end-member samples 
were used to describe aquatic (plankton and algae) and terrigenous (soil and plant) 
sources and interpret sediment OC profiles in Englebright Lake. Mass accumulation rates 
of OC ranged from 0.8 to 216 kgoc m 2 y r ', with the highest mass accumulation rates 
corresponding to flood events. During the 60-year record measured in this study, 0.36 Tg 
OC were buried in Englebright Lake, 64% of which was from terrigenous sources (based 
on data from a two end-member 6 13C mixing model). Flood events in 1964 and 1997 had 
a significant impact on OC accumulation, and terrigenous biomarkers, including long 
chain fatty acids (LCFA), lignin phenols (28), and plant sterols (stigmasterol, 
campesterol, sitosterol), increased 2 to 5 times in delta front cores during these events. 
Aquatic biomarkers in bottomset deposits responded to the upstream dam construction, 
and concentrations of aquatic sterols (27-nor-24-cholesta-5,22-dien-3j3-ol and cholesta- 
5,22-dien-3{3-ol) increased after 1970, while diacid concentrations (a terrigenous 
biomarker) decreased following the construction of the dam. Records of hydraulic mining 
impacts were observed as a thick layer of OC-poor (TOC < 0.1 %) sediments 
accumulating between 1950 and 1980 in topset deposits. Overall, the OC sequestered in 
Englebright Lake suggests that the magnitude of the carbon sink provided by dams and 
impoundments is substantial, and should be considered in global carbon cycle budgets as 
well as in plans for future dam construction or removal projects.
Sediment and Organic Carbon Burial in Englebright Lake, CA over the Last Century
CHAPTER 1: INTRODUCTION
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The Global Impact o f Dams and Reservoirs
The construction of dams and reservoirs is perhaps one of the most significant ways in 
which humans have altered terrestrial and aquatic ecosystems and has important 
consequences for the transfer of carbon between land-ocean systems (Walling 2006). In 
2 0 0 1  the number of artificial lakes and reservoirs exceeded 800,000 and covered an area 
of 500,000km3, about 3% of the surface of the earth (Friedl and Wuest 2002). These 
impoundments have been built to provide drinking water, hydropower, irrigation, and 
flood control to surrounding communities, but they also prevent sediment, nutrients, and 
organic matter from travelling further downstream. Together, these impoundments hold 
more than 30% of all river sediments on a global scale (Meybeck and Vorosmarty 2005), 
and on an annual basis, the amount of organic carbon (OC) stored in lakes and reservoirs 
is comparable to the amount of OC delivered by rivers to the ocean (Downing et al. 
2008).
Artificial lakes and reservoirs created by dams influence the way sediment and organic 
carbon travel through and between ecosystems, and moderate the delivery of sediment 
and associated materials to downstream environments. A majority of major rivers 
worldwide have been dammed multiple times, greatly reducing the amount of sediment 
being deposited in coastal systems. In many cases the reduction in sediment load can be 
greater than 75%, as seen in the Sao Francisco River in Brazil, the Chao Phraya River in 
Thailand, and the Yellow River in China (Walling 2006). In some river systems, as in 
the Nile River and the Columbia River, the sediment load at the delta of the river has 
been reduced to zero as a result of damming practices (Walling 2006). With reduced 
sediment supply to coastal systems, the effects of sea level transgression are more severe 
and coastlines quickly succumb to encroaching water levels (Milliman et al. 1989, 
Syvitski and Milliman 2007, Blum and Roberts 2009).
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Dams not only change the transport of sediment through rivers, but also change the flux 
of materials associated with sediments, including particulate organic matter, to 
downstream ecosystems. Dams trap coarse sediments and particulate organic matter in 
their reservoirs while allowing finer sediments and dissolved organic matter to continue 
to flow downstream (Vorosmarty et al. 2003, Walling 2006, Dai et al. 2008). They also 
trap sediment-associated nutrients and contaminants such as mercury (Alpers et al. 2006), 
and dams have the potential to influence climate change because they release greenhouse 
gases such as COz and CH4  during microbial decomposition of organic matter 
sequestered in reservoirs (St Louis et al. 2000). Additionally, dams increase the retention 
time of rivers, leading to more primary production in the water column as microalgae 
take advantage of the increased nutrient concentrations and light availability in the 
reservoir (Friedl and Wuest 2002, Meybeck 2003, Das et al. 2008). Previous studies have 
focused primarily on the accumulation of sediment and total organic matter in reservoirs 
(e.g., Downing et al. 2008).
On a per area basis, the sequestration of OC in reservoirs is considerable and can be up to 
three times higher than marine environments, such as vegetated habitats, that are thought 
to be significant carbon sinks (Dean and Gorham 1998). These systems are an important 
sink for OC, and likely represent a significant change in the global carbon cycle as a 
direct response to human activities. To date, only a few studies have investigated the 
composition and abundance of OC sequestered in reservoir sediments and ecosystem 
implications (Houel et al. 2006, Weissenberger et al. 2010, Oelbermann and Schiff 2010). 
This study builds on this body of work by investigating changes in the rates of carbon 
accumulation and sources of organic carbon using organic biomarker analysis of 
sediment cores collected from a reservoir in California as a model system.
Background
The Sacramento-San Joaquin River Delta located in the Central Valley of California
(Delta, hereafter) exemplifies a system highly vulnerable to environmental change (e.g.,
Knowles 2002, Cloem et al. 2011, Cloem and Jassby 2012). High rates of land
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subsidence (most of the Delta is below sea level), extensive land use change, an unstable 
system of protective levees, and extensive tectonic activity in the Delta watershed make 
this system particularly vulnerable to the influences of rising sea level on the region.
Over the last 50 years the population in the Delta watershed, which includes the 
watersheds of both the Sacramento River and the San Joaquin River, has increased from 
about 750,000 to almost 2 million people. During this same time period, much of the 
land was converted from wetlands to agriculture and grazing land and subsequently has 
become increasingly urbanized (Sickman et al. 2007, Canuel et al. 2009).
Further compounding the stresses on the Delta ecosystem from anthropogenic demands 
are the expected effects of climate change, including warming, reduced snowpack and 
altered precipitation patterns (Duffy et al. 2007, Bonfils et al. 2008, Cayan et al. 2008b, 
Cloern et al. 2011). Altered precipitation patterns are expected to transform river runoff 
patterns resulting in earlier peak flows (Stewart et al. 2004, Hay hoe et al. 2004). Greater 
variability in rainfall is also predicted, which will lead to increases in the frequency and 
violence of the winter floods as well as increased occurrence of droughts (Dettinger 2011, 
Pierce et al. 2012). Shifts in the runoff regime are expected to exacerbate existing 
problems with flood control infrastructure, including the 1 1 0 , 0 0 0  km of levees and dams 
that line the waterways in the delta’s drainage basin (Cloem et al. 2011). Along with the 
levees, hundreds of dams and water diversions built to control water flow are already 
under significant stress, and failures like those of the Lower Jones Tract levee in 1980 
and the Sherman and Mandeville levee in 1972 have created major floods and millions of 
dollars in damage to the Central Valley area (Lund et al. 2007).
Altered precipitation patterns are one of many of the dramatic responses to climate
change expected in the near future; higher temperatures are also predicted by 2060
(Cloem et al. 2011, Pierce et al. 2012). Higher temperatures will result in elevated sea
level and increases in the frequency of droughts that will impact coastal and agricultural
communities, including regions like the Delta (Rahmstorf 2010, Cloem et al. 2011). In
the Delta, sea level is expected to rise 13-86cm by 2100 (Cayan et al. 2008a), which will
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put more strain on infrastructure and reduce the amount of freshwater in the area. 
Increased duration and frequency of droughts will amplify the demand for freshwater in 
the drainage basin and in other areas of the state that depend on the Central Valley and 
the Delta for freshwater (Cloem et al. 2011). The combined effects of precipitation 
increases, sea level rise, and more demands for freshwater will put more stress on an 
already weak infrastructure network along the waterways of the Delta watershed.
Recent studies of sediment and total organic carbon (TOC) in sediment cores collected 
from the Delta document decreasing rates of accumulation since the 1970’s. These 
changes were considered in light of changes in land use and precipitation and it was 
found that anthropogenic influences dominated over climate change during this time 
period (Canuel et al. 2009). In a separate study, (Wright and Schoellhamer 2004) 
documented reductions in total suspended loads in the Sacramento River for this time 
period. They suggested that water diversion programs, specifically accumulation behind 
dams, might account for the reduction in suspended sediment concentrations in the Delta.
California has been damming rivers for over 150 years. Initially, these dams were built 
to trap mining debris and, more recently, have been used to divert water for drinking, 
irrigation, and flood control. In northern California, most rivers travel from the high 
Sierra Nevada Mountains, across the Central Valley, and deposit water, sediments, and 
organic matter in their deltas and in the Pacific Ocean. Since these rivers have their 
origins in the high, easily erodible mountains, their sediment loads are generally high 
(Milliman and Syvitski 1992) so the potential for dams to have major impacts on the 
transfer of sediments, as well as organic matter and other associated materials transported 
by rivers, is significant.
Study Site
Englebright Lake on the Yuba River in California was chosen as a representative site for
this study because its watershed is one of the most heavily mined in the state (James
2005), leading to high erosion, and therefore, high accumulation rates in the reservoir.
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The Yuba River is located in northern California, northeast of Sacramento, with its 
headwaters in the Sierra Nevada Mountain Range. Conifer forests at higher elevations, 
and oak and chaparral communities at lower elevations, dominate the Yuba River 
watershed, while agriculture and urban regions cover less than two percent of the 
watershed area. The North, Middle and South Yuba River tributaries make up the upper 
Yuba River, and they flow from the mountains where they join to create the Yuba River 
just north (upriver) of the Englebright Dam. The California Debris Commission 
completed the Englebright Dam in December 1940 for the purpose of controlling 
floodwaters to the Central Valley region around Marysville by trapping mining debris 
from future hydraulic-mine sites (Snyder et al. 2004a). Currently, the dam is used for a 
minor supply of hydroelectric power and its 14 km long reservoir is used for recreation.
Both the Middle and the South Yuba Rivers were extensively dammed to control mine 
tailings resulting from some of the heaviest hydraulic gold mining activity in the Yuba 
River watershed during the Gold Rush era in California (Gilbert 1917). However, a 
majority of these dams were small in size, constructed solely to retain mining sediments, 
and many have since failed (James 2005). Small dams on the North Yuba River were 
also built to control mining debris, but the transport of materials in this tributary was 
significantly altered in 1970 by the addition of the New Bullards Bar dam (NBB). This 
large dam created a reservoir with a surface area of 19km2, which traps much of the 
sediment and organic matter moving through the North Yuba River, and altered the 
hydrologic regime in Englebright Lake.
Previous Studies
The Yuba River above Englebright Dam is the location of the California Bay-Delta
Authoritiy’s (CBDA) Upper Yuba River Studies Program (UYRSP). This program was
initiated in 2001 in an effort to reintroduce Chinook salmon and steelhead trout species to
the upper Yuba River (Snyder et al. 2004a). Because the Englebright Dam prevents
upriver migration of anadromous fish, several options were considered: ( 1 ) the addition
of a salmon ladder for the fish to circumnavigate the dam, (2) lowering the dam, or (3)
7
complete removal of the dam. To determine the feasibility of this project and the 
consequences of releasing the sediment from behind the dam to downstream ecosystems, 
the United States Geological Society (USGS) surveyed the geology of Englebright Lake.
The USGS measured bathymetry of the Englebright Lake in 2001 (Childs et al. 2003), 
and by comparing this bathymetric survey to the Army Corps of Engineers survey taken 
in 1939, before the dam was constructed, they determined the volume of sediment 
trapped by the dam to be 21,890,000 m3. This accumulation of sediment represents a 
reduction in the original storage capacity by 25.5% (Snyder et al. 2004a). In 2002, the 
USGS returned to conduct an extensive coring campaign of the reservoir sediments. 
Sediments were collected from twenty-nine piston cores at 6  locations along the thalweg 
of Englebright Lake, and measurements of grain size, organic content, mercury content, 
and radioactivity (1 3 7Cs) allowed the team of researchers to characterize the 
sedimentation regime in the lake (Childs et al. 2003, Snyder et al. 2004b, 2004c, 2004a, 
Alpers et al. 2006, Snyder et al. 2006).
While the USGS created a comprehensive geological description of Englebright Lake, no 
research was undertaken to characterize the organic carbon buried in the lake. Studies of 
organic carbon stored in reservoir sediments are relatively limited but have the potential 
to provide insights about the role of dams in carbon sequestration as well as the potential 
effects of carbon removal on downstream ecosystem. This study builds on the USGS 
effort by characterizing the amount and composition of organic carbon sequestered in the 
Englebright Lake study system. The objectives of this study are threefold: (1) determine 
the sources of organic carbon to Englebright Lake, (2) examine how carbon accumulates 
on temporal and spatial scales in this reservoir and (3) relate changes in upstream 
tributaries to biomarkers in lake sediments.
Approach
Sources of organic matter delivered to Englebright Lake over its 60-year history were
traced using sediment core records of lignin and lipid biomarker compounds and stable
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isotopes of carbon and nitrogen (d13Cand d 15N). Stable carbon isotopes are useful 
biomarkers of organic matter source due to differences in the ratio of 13C to l2C resulting 
from different sources of inorganic carbon and different pathways of carbon fixation 
(Libes 2009). Generally, vascular plants (-27%c) have lower 6 13C values than marine 
algae (-21 to -19%e), providing a useful tool for differentiating between terrigenous and 
marine organic matter in estuarine and coastal environments (Cloem et al. 2002). dl5N 
values are used to observe changes in primary production, variations in nitrogen inputs 
and diagenetic alteration (Gu 2009, Lu et al. 2010, Vreca and Muri 2010). Interpretation 
of d15N can be difficult because many of the signal variations overlap, such as values for 
soils (0%o-12%c), sewage effluents (10%o-20%o) and fertilizer inputs (5%o-7%o). Thus, 
6 I3C and dI5N are best used in combination with other tracers such as organic biomarkers.
Lipid biomarkers, including fatty acids and sterols, can be uniquely linked to algal, 
bacterial, and vascular plant sources (Bianchi and Canuel 2011). Fatty acids and sterols 
are useful biomarkers because they provide the ability to use differences in their 
molecular structure to distinguish among phytoplankton, zooplankton, bacteria and 
terrestrial plants (Waterson and Canuel 2008). For example, fatty acids can be used to 
differentiate between organic matter sources by comparing the carbon chain length, levels 
of unsaturation (double bonds), and the number and location of alkyl (methyl) branches. 
Marine and freshwater phytoplankton are uniquely comprised of polyunsaturated fatty 
acids (e.g.,20:5w3), while terrestrial plants are characterized by long chain (C^-C^) 
saturated fatty acids and branched fatty acids are unique to bacterial sources (Waterson 
and Canuel 2008).
Lignin phenols make up the macromolecules used as structural components in vascular
plants (Hedges and Mann 1979). These biomarkers are unique to vascular plants. This, in
addition to its refractory nature, makes lignin an excellent biomarker for tracing
terrigenous organic matter in aquatic environments. A suite of phenols, products from
the oxidation of the lignin macromolecule, is used to distinguish between woody material
and soft tissue, like leaves or needles, and between gymnosperm (cone-bearing plants)
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and angiosperm (flower-bearing plants) tissues (Hedges and Mann 1979). Ratios of 
lignin phenols also offer insight into the degree of degradation in vascular plant materials 
(Ertel and Hedges 1984). Moreover, changes in the concentration and distribution of 
lignin can be used to determine responses to land use and vegetation modification in the 
watershed.
The time chronology of the sediment cores used for this study was established using 
radiochronometric methods (e.g., I37Cs, 239+240Pu). Studies have shown the application of 
239+240pu tQ (jate coarse sediments (Kuehl et al. 2012) in a manner similar to 137Cs, whose 
affinity for fine grain sizes restricts the application of this radiochronometric method to 
systems dominated by clays and silts (Cundy and Croudace 1995). 239+240Pu offer greater 
sensitivity to measure low concentration of radioisotopes associated with coarse grain 
size. In Englebright Lake, where sediments are characterized by a combination of fine 
and coarse sediments, plutonium isotopes offer an opportunity to determine sediment 
chronology for all six sediment cores, regardless of their dominant grain size.
These organic biomarkers and proxies allowed for the classification of organic matter 
sources in Englebright Lake, which were then related to climate and anthropogenic 
impacts in the watershed. The following chapters discuss the biomarker results and 
address the three objectives that guided this study.
Objective I: Identify OM sources in Englebright Lake. This objective is addressed in 
Chapters 3 and 5 of the dissertation. Chapter 3 presents results from a study that 
characterized the sources of organic carbon to Englebright Lake by measuring the 
biomarker and stable isotope composition of soil and vegetation samples collected from 
the upper Yuba River watershed and from aquatic samples collected from the lake. 
Concentrations of fatty acid (FA), sterol, and lignin biomarkers, as well as d l3C and d 15N, 
were used to address this objective. Later, in Chapter 5, the biomarkers identified 
through this study were applied to interpretation of the sediment cores collected from 
Englebright Lake.
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Objective 2: Determine spatial and temporal controls o f OC accumulation in Englebright 
Lake. The second objective is addressed in the work presented in Chapters 2 ,4 , and 5 of 
this dissertation. In Chapter 2, sediment accumulation rates are calculated using depth 
profiles of 239+240pu activities. These sedimentation rates are then applied to TOC 
presented in Chapter 4 to discuss the mass accumulation rates and burial of OC in 
Englebright Lake. Sources of this OC are identified with d13C and dl5N in Chapter 4 and 
using the organic biomarker composition in Chapter 5. Multiple proxies including 
sediment and OC accumulation rates, TOC, d13C and d '5N, and organic matter biomarkers 
were used to provide insight into spatial and temporal patters of OC accumulation in 
Englebright Lake.
Objective 3: Evaluate the response o f OC signatures in Englebright Lake to changes in 
the watershed. This objective was addressed in Chapters 3 ,4 , and 5 using trends in 
biomarker, TOC and stable isotope accumulation over the 60-year history of the 
sediments deposited within Englebright Lake. Changes in aquatic and terrigenous OM 
sources in the sediment record, identified from end-member samples (Chapter 3) in the 
watershed, were related to flood events and changes in the hydrologic regime (Chapters 4 
and 5).
The goal of this study was to characterize the organic carbon accumulating behind dams 
using Englebright Lake as a representative system. This dissertation describes the 
magnitude of carbon burial in this system and the significance of the response of organic 
carbon accumulation to climate- and human-driven events in the watershed.
11
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CHAPTER 2: APPLICATION OF PLUTONIUM ISOTOPES TO THE SEDIMENT 
GEOCHRONOLOGY OF COARSE-GRAINED SEDIMENTS FROM ENGLEBRIGHT
LAKE, CALIFORNIA (USA)
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Beck, A J .
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Abstract
This study uses an impoundment in northern California as a model system to examine the 
application of plutonium isotopes in lacustrine environments where the combination of 
coarse and fine sediments complicates the determination of sediment accumulation rates 
using traditional methods. Inductively coupled plasma mass spectrometry (ICP-MS) was 
used to quantify plutonium isotopes, and low limits of detection associated with this 
method allowed for the detection of plutonium in sand fractions as well as clay and silt 
fractions. Although measurable levels of plutonium were found in the sand fractions, over 
75% of the total plutonium activity was measured in the fine grain-size fractions (< 
63pm). Strong correlations between cesium activity and plutonium activity in fine-grain 
sediments (r = 0.81-0.98, p < 0.005) suggest that plutonium isotopes may be a useful 
substitute for cesium isotopes in coarse-grain sediments where cesium is typically below 
detection. Sediment accumulation rates calculated from grain-size normalized plutonium 
activity profiles ranged from 6  to 145 cm y r 1 in Englebright Lake, and reflected changes 
in sediment supply from the watershed in response to flood events and human impacts 
including hydraulic mining and dam construction. This study extends the application of 
plutonium isotopes for sediment geochronology of aquatic environments dominated by 
coarse sediments and provides new information that contributes to a better understanding 
of the processes influencing sediment deposition in Englebright Lake.
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Introduction
The determination of sediment accumulation rates in lakes has become important in many 
areas of research, including anthropogenic pollution (Fernandez et al. 2000, Li et al. 
2012), paleoclimate (Karabanov et al. 2000, Moore et al. 2001, Quillmann et al. 2010), 
and biogeochemical cycling (Hollander and Smith 2001, Andrade et al. 2010). Since the 
1970s, radioisotopes such as 2l0Pb and 137Cs have been employed to understand recent (< 
100 years) sediment accumulation in lacustrine (Krishnaswamy et al. 1971) and marine 
systems (Koide et al. 1972). Recent advances in radioisotope detection methods, such as 
mass spectrometry for measuring long-lived isotopes and improvements in detection 
limits (Ketterer et al. 2002, Wendt and Trautmann 2005), have refined sediment-dating 
techniques by applying numerous anthropogenic (e.g., ^Sr, 137Cs, 239Pu, 240Pu) and natural 
radioisotopes (e.g., 2 l0Pb, 234Th, 7Be) to study various environmental systems over 
multiple time scales with high accuracy and resolution (Hall and McCave 2000, Leithold 
et al. 2005, Zhu and Olsen 2009, Kretschmer et al. 2010, Matisoff and Whiting 2011).
l37Cs isotope profiles have been used in many marine and freshwater systems over the 
past several decades to provide chronostratigraphic control. The usefulness of this 
anthropogenic radioisotope has been proven repeatedly and in various environments 
throughout the world (Ritchie and McHenry 1990, Hermanson 1990, Sanchez-Cabeza et 
al. 1999, McHenry et al. 2010). 137Cs has a well known environmental fallout record due 
to its production during nuclear fission in nuclear weapons and nuclear reactors (Ritchie 
and McHenry 1990). Using nuclear fallout records and environmental samples, studies 
identified 1954 as the date of first detection of l37Cs (Longmore 1982) and 1963 at the 
date of maximum 137Cs deposition (Carter and Moghissi 1977) in sediments and soils. 
However, the usefulness of cesium from nuclear weapons fallout is decreasing with time 
due to its relatively short half-life (30.2 years). More than 50 years have passed since the 
peak in nuclear weapons testing and almost 75% of the initial l37Cs has decayed away; 
analysis of l37Cs activity and its usefulness as a radiochronometric tracer will thus 
become more limited with time.
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Plutonium isotopes offer a possible alternative to cesium for sediment geochronology, 
especially in recent years as analytical measurements of these isotopes have advanced 
and become more precise (Ketterer et al. 2002, Kenna 2002). Plutonium isotopes have a 
similar global environmental input function to l37Cs, resulting from fallout from nuclear 
weapons testing in the mid 2 0 th century, and can be used in the same way to identify the 
1954 (initial input) and 1963 (peak input) horizons in sediment cores. Plutonium 
isotopes, however, are much longer-lived than l37Cs with half-lives on the order of 103 to 
104  years, and thus will remain at detectable levels in sediments longer than 137Cs. Recent 
advances with inductively coupled plasma mass spectrometry (ICP-MS) have reduced the 
limit of detection for plutonium isotopes (Ketterer et al. 2002), and allow for its 
application to systems dominated by coarse sediments with inherently low concentrations 
of particle-reactive elements (Watters et al. 1983). Additionally, plutonium isotopes show 
little remobilization in sediments, except under oxidizing conditions when the dominant 
Pu(IV) species is oxidized to the more mobile Pu(V) and Pu(VI) oxidation states (Kaplan 
et al. 2004,2007). These properties suggest that plutonium isotopes can indeed be a 
useful replacement for 137Cs as a tool for sediment geochronology.
Several recent studies have explored the application of plutonium isotopes as a dating
tool in fine-grained sediments from marine (Smith et al. 1986, Kershaw et al. 1999, Gulin
et al. 2002, Kuehl et al. 2012) and lacustrine sediments (Jaakkola et al. 1983, Ketterer et
al. 2004, Zheng et al. 2008, Wu et al. 2010), and have shown that these isotopes provide
accurate sediment chronologies in many systems where l37Cs could not be applied.
Previous studies have also focused on the novel application of 239Pu/240Pu to determine the
source of plutonium in the environment, whether it is from global fallout or a more local
plutonium source (Ketterer et al. 2004, Zheng et al. 2008). Few studies have used the
sum of 239Pu and 240Pu isotopes to explore their application in systems dominated by
coarse sediments (Kuehl et al., 2012), where traditional isotopes like 137Cs and 2l0Pb have
high uncertainties associated with measuring low radioisotope concentrations in sandy
sediments, such as estuarine and shelf environments, where the combination of fine
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sediments from the marine system mix with coarse river sediment inputs. The current 
study extends the use of plutonium isotopes as a dating tool to a mountainous lake system 
in northern California, where anthropogenic disturbance, combined with a highly erodible 
watershed, results in high accumulation of sediments with a range of grain sizes. The 
results presented here support the application of 239+240Pu for dating sediments in systems 
dominated by a mixture of sediment inputs.
Study Site
Sediments for this study were collected from Englebright Lake in northern California 
(Figure 2-1), an impoundment created in 1940. Its watershed an area of the Sierra Nevada 
Mountains most heavily mined during the Gold Rush of the late 1800s (James 2005). 
Hydraulic mining within the Englebright Lake watershed resulted in extensive erosion 
and therefore, high sedimentation rates in the reservoir. The material that accumulates in 
Englebright Lake is a combination of fine and coarse sediments with organic carbon 
contents ranging from 0.03% to as high as 30.24% (C. Pondell, unpublished data).
The U.S. Geological Survey (USGS) collected six piston cores from Englebright Lake in 
2002 (Figure 2-1) that captured the accumulation history of the lake since construction of 
Englebright Dam in 1940. The USGS collected ~60 samples (representing approximately 
1 year of accumulation for each sample) from three of the downstream, fine-grained cores 
for 137Cs radioisotopic analysis, and the cesium profiles showed a clear peak in two of the 
three cores (Snyder et al. 2006). The peak in l37Cs corresponded to the 1963 maximum 
fallout horizon and allowed for the calculation of accumulation rates for these two sites. 
The association between these anthropogenic-derived isotopes and fine-grained 
sediments allowed for interpretation of these two cores, but the third core, containing a 
combination of coarse and fine- grain sediments and high organic matter (12-30%), 
exhibited a complicated cesium profile that was difficult to correlate to the 1963 event 
horizon (Snyder et al. 2006). Other information about sediment accumulation, such as 
seismic stratigraphy, is not available for Englebright Lake due to the high concentration
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of biogenic gas in the sediments and the narrow shape of the reservoir that prevented sub­
bottom profilers from penetrating the reservoir floor (Childs et al. 2003).
This study revisits the radioisotope work in Englebright Lake and applies plutonium 
isotopes to provide chronostratigraphic control in a system dominated by coarse 
sediments. The six cores collected by the USGS in 2002 were further sub-sampled in 
2009 for organic carbon measurements (presented in a later paper) and plutonium isotope 
analyses. Sediment intervals of 10 to 20 cm were collected from each core, with a greater 
sample frequency in cores 1,4 and 7 to capture a high-resolution record of sediment 
accumulation in Englebright Lake. Cores 8 and 9 had coarse grain sediments, so larger 
sediment volumes, and lower temporal resolution, were necessary for analyses; fewer 
samples were collected from core 6 due to a more disturbed sediment record resulting 
from coring practices at this site.
Methods
Grain Size Separation
Selected sediment samples from each core collected from Englebright Lake were 
analyzed to determine whether plutonium was preferentially associated with a particular 
grain size. Ten to fifty grams of sediment were separated into sand (>63 pm), silt (4 pm - 
63 pm), and clay (< 4 pm) size fractions using the procedure described by Salemi et al. 
(2010). Briefly, samples were separated into sand and mud fractions using a 63 pm sieve. 
The mud was then washed into a graduated cylinder and brought up to 1000 mL volume 
with deionized water. To separate the mud fraction into silt (4 pm - 63 pm) and clay (< 4 
pm) size fractions, graduated cylinders were thoroughly mixed, and then at a specific 
time (dependent on temperature and calculated using Stokes Law) the suspended material 
was siphoned into a large beaker (Salemi et al., 2010). This was repeated two more times 
to ensure complete separation between the clay particles remaining in suspension and the 
silt particles that settled on the bottom of the cylinder. The sand, silt, and clay fractions
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were then dried at 60°C for approximately one week and weighed. The percent sand, silt, 
and clay (Table 2-1) were within 15% of the reported values from previous grain size 
analysis (Snyder et al., 2004a). Each fraction was then analyzed for plutonium as 
described below.
Sample Preparation
Fine-grained sediment samples were analyzed for concentrations of 239Pu and 240Pu 
isotopes following the method outlined in Ketterer et al. (2002). Five grams of sediment 
were first combusted at 600°C for 24 hours to remove organic material, and then 
approximately 35 mBq of 242Pu standard (NIST 4334) were added to the combusted 
samples as a yield tracer. Samples were leached with 20 mL of concentrated nitric acid 
for 24 hours at 75°C. The leachate was then diluted to 50 mL with deionized water and 
filtered through 0.7 pm  glass fiber filters. One gram of NaN02 and 0.1 g of iron were 
added to the diluted leachate to transform all plutonium species to the tetravalent state, 
which is necessary for extraction using tetravalent actinide (TEVA) resin (Horwitz et al. 
1995). Samples were allowed to equilibrate with 0.1 g of TEVA resin (ElChrom, Darien 
IL, TE-B25-A, 100-150 pm) for 90-120 minutes.
Coarse sediments were expected to yield much lower plutonium activities. As a result, 
any samples from cores 8 and 9 that had a mean grain size > 100 pm required larger 
samples. For these cores, 50 g of sediment were prepared for plutonium analysis using 
larger amounts of reagents to accommodate the increased sample size. These samples 
were combusted at 600°C for 24 hours and spiked with approximately 35 mBq of 242Pu. 
They were then acid leached at 75°C using 50 mL of concentrated nitric acid for 24 
hours. The leachate was diluted to 100 mL with deionized water and filtered through 0.7 
pm  glass fiber filters. Iron (0.1 g) and NaN02 (1 g) were added to the leachate and the 
samples equilibrated with 0.15 g of TEVA resin for 90-120 minutes.
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The remaining TEVA resin chromatography was performed the same way for both the 5 
g and 50 g samples. The TEVA resin was loaded with actinide ions (including uranium, 
thorium and plutonium) during equilibration and then was passed into a column with a 
35-jjm frit to retain the TEVA resin material. Five rinses of 2M nitric acid and two rinses 
of 8M hydrochloric acid were poured through the column to remove uranium and 
thorium isotopes from the TEVA resin. Plutonium isotopes were eluted and collected 
from the column using a rinse of deionized water (1 mL), followed by 0.05M ammonium 
oxalate (1 mL) and a final rinse with deionized water (1 mL).
Samples (3 mL) were then analyzed by direct injection using a ThermoFisher Element2 
ICP-MS operated in low-resolution mode for 239Pu, 240Pu, and 242Pu. Measured was 
used to correct for the ^ U 'H  interference on 239Pu. The ^ U 'H /^ U  ratio was generally 
less than lCK4, consistent with previous work (e.g., Ketterer et al. 2004), and corrections 
represented -10% of the 239Pu signal. The activity of the “ ’Pu and 240Pu isotopes was 
calculated using ratios of ^ P u  and 240Pu to the added M2Pu standard, and the mass and 
specific activity of ^ P u , 240Pu, and 242Pu isotopes. The sum of the 239+240Pu isotopic 
activity is reported here.
Data Analysis
Statistical analyses were performed using R-studio version 0.97.332. Pearson correlation 
coefficients and student’s t-test were run on plutonium and cesium activities and 
accumulation rates measured in this study and from Snyder et al. (2006). The sampling 
intervals were not the same for the cesium and plutonium analyses. Snyder et al. (2006) 
collected samples based on stratigraphic layering, which resulted in intervals that ranged 
from 5 to 100 cm, whereas sample intervals for plutonium analysis were constant (10 or 
20 cm) for each core. Therefore, the correlation analysis compared plutonium and 
cesium activities from samples at similar depths in each core.
Uncertainty in the 239+240Pu grain-size normalized activity was determined using the error
propagation equation (Lindberg 2000). The standard deviations used for this calculation
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included the standard deviation for the grain size data (Snyder et al. 2004a) and the 
standard deviation from duplicate samples analyzed for plutonium activity.
Sediment accumulation rates were calculated for select time periods using information 
about the known input of plutonium to the environment. For instance, the date of first 
appearance for plutonium in environmental samples is 1954 and the date of maximum 
plutonium concentration is 1963. This information and the assumption that all six 
sediment cores collected from Englebright Lake represented sediment accumulation from 
construction of the dam in 1940 to collection of the cores in 2002 were used to calculate 
vertical sediment accumulation rates from the plutonium activity profiles. The bottom of 
each core was identified as the 1940 horizon based on contact during coring with an 
impenetrable layer of gravel assumed to be the pre-dam river bottom, as well as the 
calculation of sediment thickness from pre-dam bathymetric records (Childs et al. 2003). 
Accumulation rates were determined using the depth of first appearance of plutonium 
(identified as the deepest sample with activities above the detection limit) and the depth 
of maximum grain-size normalized plutonium activity, when available. Uncertainty 
associated with these rates was calculated by using the standard deviation associated with 
the range of accumulation rates calculated from horizons above and below the depths of 
first appearance and maximum activity.
Quality Control
In order to optimize the amount of information we could obtain from the limited amount
of sediment available, samples were analyzed for plutonium concentration after the
sediments had been extracted for lipid biomarkers using a 2:1 (v:v) mixture of
dichloromethane: methanol. In a separate experiment (see Supplemental Information), it
was determined that this extraction did not affect the plutonium activity in the sediment
(two-sample t-test, p > 0.1). The detection limits (3crBlank) for 3 mL of plutonium
solution were 0.01 Bq kg'1 for 5 g samples and 0.001 Bq k g 1 for 50 g samples.
Additionally, a standard reference material (SRM) (NIST 4350b) was extracted with
every ten sediment samples to evaluate the method accuracy. Measured values of
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239+24<>pu from these SRM samples were 0.506 ± 0.004 Bq kg'1, which compares favorably 
to the reported value of 0.508 Bq kg '.
Results
Grain Size Analysis
Plutonium activities were most strongly associated with fine grain sizes, particularly 
grain sizes smaller than 63 pm (Table 2-1). Less than 25% of the total plutonium activity 
was in the sand fraction, with only trace amounts (< 1 %) of plutonium detected in the 
coarsest samples. Greater than 75% of the plutonium activity in all core samples was 
associated with the mud fraction (silt and clay, < 63 pm). Therefore, all plutonium 
activities reported here are normalized to the percent mud using grain size data from 
Snyder et al. (2004).
Vertical Core Profiles
Measurable ^ ^ ^ P u  activities were detected in all cores collected from Englebright Lake, 
including those cores dominated by coarse sediments (Figure 2-2). Plutonium activities 
in the lake sediments ranged from 0.002 Bq k g 1 to 1.5 Bq kg ', and grain-size normalized 
plutonium activities were between 0.012 Bq kgmud 'and 7.9 Bq kgmud''. Grain-size 
normalized plutonium activities were similar in the two cores collected from the deepest 
section of the lake (cores 1 and 6) and the two cores collected from the shallowest region 
of the lake (cores 8 and 9), with maximum grain-size normalized plutonium activities 
between 1 to 1.9 Bq kgm u d In contrast, maximum grain-size normalized plutonium 
activities measured in the two cores from the delta front region of Englebright Lake 
(cores 4 and 7) were 3 to 8 times higher than maximum activities observed in the rest of 
the lake (Figure 2-2).
Grain-size normalized plutonium activity profiles were similar in five of the six sediment 
cores from Englebright Lake, with low or non-detectable activities in the bottom of each
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core increasing to a peak in activity, and then decreasing again at shallower depths in the 
core (Figure 2-2). The depths of maximum grain-size normalized plutonium activity 
were shallowest in cores from the deep-water region of the lake (cores 1 and 6), deepest 
near the delta front (cores 4 and 7), and at an intermediate depth in the cores collected 
from the shallow water region of Englebright Lake (Figure 2-2, Table 2-2). In core 8, the 
shallow water core closest to where the Yuba River enters the lake, the 239+240Pu profile 
did not show a peak in plutonium activities. Instead, the profile for this core continued to 
increase as the depths become shallower, suggesting that the depth of peak activity was 
not captured in our sample collections. As a result, accumulation rates calculated from 
the depth of maximum activity for core 8 could not be determined based on 239+240Pu 
profiles, but accumulation between 1940 and 1954 was determined using the depth of 
first appearance (Table 2-2).
Sediment Accumulation Rates
Depths of first appearance and maximum activity of plutonium were determined from 
these grain-size normalized plutonium activity profiles in order to calculate sediment 
accumulation rates in Englebright Lake over three periods of time: 1940-1954,1954- 
1963, and 1963-2002 (Table 2-2). The accumulation rates ranged from 6 to 145 cm yr'1 
throughout the lake, and the highest rates of accumulation were found in cores 7, 8 and 9, 
in the region of the lake closest to the river input (i.e., furthest from the dam). Sediment 
accumulation was highest during the early history of the lake, prior to 1963 (Figure 2-3).
Discussion
Plutonium isotopes have been investigated as an alternative to cesium isotopes for dating
sediment horizons due to the similar input functions and longer radioactive half-lives
(Carpenter and Beasley 1981, Kaplan et al. 2004,2007). These data provide further
support for the application of plutonium isotopes in a sediment system with mixed grain
sizes, which was difficult to date using l37Cs. Results from this study demonstrate the
value of using 239+240Pu to date coarse grain sediments and as a replacement for l37Cs since
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decay makes the anthropogenic ,37Cs increasingly unreliable as a radiochronometric 
dating tool.
Affinity o f plutonium isotopes for fine and coarse sediments
Englebright Lake is a system defined by a combination of fine and coarse sediments, and 
with mean grain sizes ranging from clay to gravel, the distribution of sediment grain size 
can change drastically over just a few centimeters depth range (Snyder et al. 2004a). 
Therefore, plutonium activities associated with sand, silt and clay fractions were analyzed 
for six samples representing a range in mean grain sizes and grain size class distribution 
encompassing sediment characteristics at the study site. Previous studies have 
documented increased adsorption of heavy metals (i.e., Fe, Mn, and Zn) and 
radionuclides including “ ^ h ,  210Pb, and 137Cs to the fine-grain fraction of freshwater and 
marine sediments due to increased surface area and clay mineral content (Cundy and 
Croudace 1995, Singh et al. 1999, Kretschmer et al. 2010). The observations from 
Englebright Lake sediments are consistent with these previous findings. These data show 
that most of the plutonium activity is associated with the mud fraction (< 63 pm) where 
the higher surface area can provide more sites for plutonium to bind.
The benefits of plutonium analysis in sediments from this system derive from the 
improved lower limit of detection associated with ICP-MS measurements that allows for 
the detection of plutonium activity in coarse sediments. Measurable plutonium activities 
were observed in the sand fraction, but at lower levels than in the fine-grained sediments 
likely due to their lower surface area. Results from cores dominated by coarse grain sizes 
(>98% sand in samples from cores 8 and 9) suggest that less than one percent of the total 
plutonium activity was present in the sand fraction (Table 2-1). The higher relative 
contributions of plutonium activity found in the sand fraction for the other cores (12 to 
22% from cores 1 ,6 ,4  and 7) may reflect incomplete separation of fine grains while 
sieving or plutonium bound to organic materials larger then 63pm (Loyland Asbury et al. 
2001) rather than indicating the plutonium bound specifically to coarse sediment grains.
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For the analysis of plutonium isotopes in sandy sediments larger sample sizes are needed, 
and plutonium activities in all samples should be normalized to fine grain sizes (< 63 pm) 
to account for the preferential association of plutonium isotopes to fine sediments.
Correlation o f Plutonium and Cesium Isotopes
Accumulation rates in the combination of fine and coarse sediments in Englebright Lake
have proven to be difficult to study using the more traditional dating methods of 137Cs and
2l0Pb (Snyder et al. 2006), but the addition of plutonium isotopes offers more insight into
the deposition and accumulation processes occurring in this system. Previous studies of
Englebright Lake sediments focused on l37Cs, which was useful for dating fine-grain
cores 1 and 4 in the deep region of the lake (Snyder et al. 2006). These cores had 137Cs
profiles with well-defined 1954 and 1963 horizons, which indicated accumulation rates
on the order of 8 to 55 cm y r '. However, when 137Cs was applied to core 7 collected from
the top of the delta front, the combination of sandy, silty, and organic rich laminations
resulted in multiple peaks due to the affinity of 137Cs for clay minerals and coarse organic
matter (Cundy and Croudace 1995), which complicated the isotope profile and prevented
a reliable dating profile using 137Cs alone. We compared the cesium profiles from Snyder
et al. (2006) with the profiles from this study (Figure 2-4) and found a strong
positive correlation between the plutonium and cesium isotope activities (Pearson
Coefficient = 0.81-0.98; p < 0.005). The strong correlation between cesium and
plutonium activities verifies the application of plutonium in cores 1 and 4, and identifies
the depth of the 1963 maximum fallout horizon with overlapping cesium and plutonium
peaks in core 7 (Figure 2-4). These findings are similar to other studies of plutonium in
lake systems (Jaakkola et al. 1983, Ketterer et al. 2004, Zheng et al. 2008, Wu et al.
2010), showing that plutonium and cesium have similar behavior in freshwater
environments. Additionally, the strong correlation between l37Cs and 239+24<,Pu suggests
that if there is remobilization of these isotopes in the lake system, both isotopes are
affected similarly. However, based on previous studies, mobilization of plutonium
isotopes is not expected (Carpenter and Beasley 1981) unless there are major changes in
pH or oxidation state in the system (Kaplan et al. 2004, 2007), and the correlation of
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plutonium with cesium, which is strongly sorbed to illite clay and effectively non-mobile 
in freshwater systems (Cundy and Croudace 1995), does not support this type of 
remobilization in Englebright Lake sediments.
The correlation between plutonium and cesium isotope activities in the three sediment 
cores from Englebright Lake provides confidence for determining accumulation rates 
from the plutonium profiles for two additional cores from the lake. Core 6, dominated by 
fine sediments, and core 9, consisting of mostly coarse sediments, were not analyzed 
previously for cesium, but the plutonium activity profiles in these cores are similar to the 
plutonium profiles for cores 1,4 and 7. As a result, plutonium activity profiles can be 
extended to cores 6 and 9 to provide sediment accumulation rate data that augment 
previous estimates based on stratigraphic position and grain size distribution (Snyder et 
al. 2006).
One core in the lake (core 8) showed a different plutonium trend than the other five cores,
in that there was no observed sub-surface peak in grain-size normalized plutonium
activities. Plutonium activities in core 8 show only an increasing trend as depth in the
core shallows (e.g., from 12 to 6 m). This could result from high sediment accumulation
rates in the early history of the lake accumulation and a sampling strategy that was
inappropriate for the accumulation patterns at this location in Englebright Lake. Core 8
is the site closest to the convergence of the three tributaries at the upstream end of the
lake, which is a relatively high-energy location in Englebright Lake. Snyder et al. (2006)
divided the depositional regime in this core into foreset deposition and topset deposition
based on studies of deltaic deposition by Gilbert (1890). According to Snyder et al.
(2006), this site experienced foreset deposition, which was defined by high rates of
accumulation of coarse sediment (Gilbert 1890) until the mid 1950’s, followed by topset
deposition, or lower rates of accumulation of coarse materials. High sediment
accumulation rates during the initial phase (before mid-1950’s) would lead to a shallower
horizon of maximum plutonium activity at this site relative to the other locations,
especially if the accumulation rates associated with the topset deposition were
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particularly low. This could explain why the horizon of maximum plutonium activity 
was not observed below 5m in core 8, and implies that peak plutonium activity likely 
occurred in shallower horizons that were not captured by our sampling. Unfortunately, 
due to logistical and financial reasons, we were unable to resample core 8 and perform 
additional plutonium analyses.
Throughout the depositional history of this basin, most plutonium activity measurements 
ranged from 0.03 to 1.2 Bq kgmud ’, but peak grain-size normalized activities in the two 
delta front cores (cores 4 and 7) were 6 to 7 times greater than peak grain-size normalized 
plutonium activity in the four remaining cores. One explanation for these relatively high 
plutonium activities may be that the peak plutonium accumulation was captured in cores 
4 and 7 where the sampling interval was greatest, and in cores 1,6, 8 and 9, the sampling 
strategy did not allow us to capture the sediment horizon with highest plutonium activity. 
This uncertainty is reflected in the standard deviation associated with the depth of 
maximum activity (Table 2-2) and in the highlighted area describing the peak plutonium 
activity shown in Figure 2-2. Furthermore, the strong correlation between plutonium 
activity and organic matter in sediments (correlation between 239+240pu and organic carbon 
content from all samples: Pearson Coefficients 0.67, p < 0.001) may also explain why 
peak plutonium activities in cores 4 and 7 were greater than peak plutonium activities 
observed throughout the rest of the study site (Livens and Singleton 1991, Agapkina et al. 
1995, Loyland Asbury et al. 2001). In cores 4  and 7 from Englebright Lake a layer of 
material characterized by relatively fine sediment and high organic carbon content (12 to 
32% organic carbon) was deposited during a large flood in 1964 (Table 2-3). 
Accumulation from this event was focused at the delta front (cores 4 and 7), and the 
combination of high organic content and relatively fine sediments may explain why 
plutonium activities from these horizons differ from activities measured in other 
sediments from Englebright Lake.
Sediment Accumulation in Englebright Lake
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Sediment accumulation rates calculated from the plutonium activities compare well to 
accumulation rates calculated by Snyder et al. (2006), especially when differences 
between the methods of accumulation rate estimation are considered (Figure 2-3).
Snyder et al. (2006) calculated vertical sediment accumulation rates using grain size data, 
hydrological reports, straigraphic position, and 137Cs profiles, when appropriate.
Sediment accumulation rates determined using plutonium isotopes were calculated using 
the depth of first detection of the isotopes, the depth of maximum activity, and using the 
assumption that the sediment record collected covers the time period from 1940-2002, 
meaning that the bottom of each core was deposited in 1940 (as evidenced by the pre­
dam gravel beds identified at the bottom of each core; Childs et al. 2003) and the top of 
each core is the 2002 horizon. Sediment accumulation rates from the three cores within 
six kilometers of Englebright Dam (cores 1 and 4) are similar when calculated using 
plutonium and cesium or other geologic proxy data. Accumulation rates calculated from 
plutonium profiles in core 6 offer higher resolution, and three rates of accumulation could 
be determined, while accumulation rates from Snyder et al (2006) were only able to 
provide an average accumulation rate for this core.
When compared to accumulation rates calculated from plutonium activity profiles in
cores 7 ,8  and 9 from the shallow region of the lake, the accumulation rates estimated
from stratigraphic position, grain size distributions, and hydrological history
underestimate the rate at which material accumulates during the early history of
Englebright Lake (1940-1954) and overestimate accumulation during the period of
frequent flood events (1954-1963) (Figure 2-3). However, this apparent discrepancy may
be due to different time intervals over which these accumulation rates were estimated.
While this study attempted to compare accumulation rates over similar time periods, this
could not always be done due to analytical differences between methods. In cores 7 and
9, for example, accumulation calculated from 239+240p u between 1940-1954 and 1954-
1963 are compared to accumulation rates from Snyder et al. (2006) calculated between
1940-1960 and 1960-1964. Regardless, trends in sediment accumulation rates calculated
using plutonium track trends observed in accumulation rates calculated with cesium and
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geologic proxies (Snyder et al., 2006), and in general, these accumulation rates were not 
significantly different.
The additional sediment core chronologies determined from plutonium activity profiles
provide insights about the complex processes, including floods and mining activities in
the watershed, that influence accumulation in Englebright Lake over time (Table 2-3).
The sedimentation pattern in Englebright Lake has been described as a typical example of
a Gilbert-type delta with different regions of the lake dominated by bottomset, foreset,
and topset deposition (Snyder et al. 2006). The accumulation rates calculated from
plutonium activity profiles allow us to examine the evolution of these depositional
regimes throughout the history of Englebright Lake and develop a conceptual model to
explain the accumulation patterns in the lake (Figure 2-5). Cores 1,6 and 4 from the
deep-water region of the lake are dominated, for example, by bottomset deposition
throughout the entire history of Englebright Lake. Bottomset deposition occurs as the
suspended sediment load settles from the water column (Gilbert 1890), and in the deep
water region of Englebright Lake the suspended load settles and accumulates as fine clay
and silt, with a few fine sand horizons (Snyder et al. 2004a). The relatively low
accumulation rates for these two cores reflect this bottomset depositional environment,
especially in core 1 where sediment accumulation rates only range between 6 cm y r1 and
12 cm y r 1. Core 6 also has low accumulation rates when compared to the other cores
throughout the lake, but there is an increase in accumulation rates between 1940-1954
and 1954-1963 that mirrors accumulation trends in core 4 (Figure 2-3, Table 2-2). In
cores 4 and 6, sediment accumulation between 1954-1963 was greater than accumulation
before and after this period (p < 0.001), and accumulation rates o f l940-1954 and 1963-
2002 are the same. Between 1954 and 1963, four of the largest flood in this system in this
system occurred (Table 2-3), and trends in accumulation rates from cores 4 and 6 suggest
that these cores are influenced by turbidity currents or hyperpycnal flows associated with
these flood events. However, this increase in accumulation in cores 4 and 6 is not
observed in core 1, suggesting that sediment deposition in the region of the lake nearest
the Englebright Dam is dominated by water column settling, and not by high density
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sediment flows. This implies that the suspended sediment load may not respond to flood 
events in the watershed. Additionally, accumulation rates in core 1 doubled after 1963 
relative to rates before 1963 (Figure 2-3, Table 2-2). This may signify that more of the 
material that is being delivered to Englebright Lake is being transported in the suspended 
load rather than the bed load, and is dominated by fine grain material (Curtis et al. 2006). 
Changes in sediment accumulation during the later part of Englebright Lake’s history 
were examined further as part of the discussion on the impact of the New Bullards Bar 
dam on sediment accumulation in the lake after 1970 (see below).
The delta front cores (4 and 7) reflect periods of bottomset and foreset deposition since 
completion of Englebright Dam in 1940 (Snyder et al. 2006). Bottomset deposition 
dominated cores 4 and 7 in the early history of the lake between 1940 and 1954 (Figure 
2-5). During this time accumulation rates were relatively low for these two cores, 
reflecting the deposition of suspended material in this region when the delta front was 
further upstream. Between 1954 and 1963, accumulation rates at the delta front increased 
2- to 3-fold. This increase in accumulation reflects inputs from four flood events in the 
system (e.g., 1955,1960,1962, and 1963) during this time period when the mean daily 
discharge from Englebright Lake was greater than 1500 m3 s 1 (U.S. Geological Survey 
gauging station 11418000). During the floods, the increased inputs of material to 
Englebright Lake resulted in the progradation of the delta front from the shallow reaches 
of the lake upstream of core 8 to the current location of the delta front at core 7 (Snyder 
et al. 2006). The calculated sediment accumulation rate of 154 cm yr'1 at core 7 between 
1954 and 1963 is the highest accumulation in Englebright Lake, and likely reflects the 
transition from bottomset to foreset accumulation. Foreset accumulation in core 7 is 
defined by high accumulation of sandy material on a sloping surface, which is first seen 
at this core’s location during the 1964 flood. During this flood event, the delta front 
moved to its current location at core 7, and the deposition at core 4 becomes defined as 
distal foreset/bottomset (Snyder et al. 2006). This region is dominated by sediment 
remobilization at the delta front via turbidity currents during flood and lake level draw­
down events (Blais and Kalff 1995), observed in the sediment record as sandy
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laminations punctuating the normal bottomset accumulation of fine silt and clay (Snyder 
et al.,2006).
Accumulation rates calculated between 1963 and 2002 reflect a period in the lake’s 
history of lower sediment accumulation driven by a combination of (1) decreases in the 
frequency of floods in the watershed, (2) construction of the New Bullards Bar (NBB) 
dam across the North Yuba River in 1970, (3) changes in the hydrology of Englebright 
Lake associated with the construction of the NBB (i.e., fewer draw-down events), and (4) 
decreasing inputs from mine tailings as these sediments are washed from the Yuba River 
tributaries and into Englebright Lake (Snyder et al., 2006). Between 1963 and 2002 there 
was only one large flood event in 1997 and one smaller flood in 1986 (Snyder et al.
2006). The New Bullards Bar dam, even though it inundated an area already dammed by 
a smaller dam, likely altered sediment supply from the North Yuba River by decreasing 
the amount of sediment and by trapping coarse sediments while still allowing some of the 
finer material to pass (Vorosmarty et al. 2003). This could change the characteristics of 
the sediment accumulating in Englebright Lake by increasing the amount of fine grain 
material transported as the suspended load, as seen in the increase in accumulation at core 
1 after 1970. Additionally, after the construction of the NBB, annual lake level draw­
downs in Englebright Lake ceased, modifying sediment deposition throughout the lake. 
Before 1970, topset deposits were exposed during lake draw-downs, and fine sediments 
were winnowed away and redeposited in the bottomset deposits or bypassed the dam as 
part of the suspended sediment load. With the discontinuation of these draw-downs, 
sediment accumulation patterns throughout the lake would change, and may be part of the 
reason that accumulation rates are lower in more recent sediments (1963-2002) than in 
the older sediment deposits (1940-1954) in most sediment cores (Figure 2-3).
Sediments in the shallow water region of the lake are dominated by coarse sand and 
gravel accumulation due to their close proximity to river input. During the earliest 
history of the lake (1940-1954) the location of the delta front was in this shallow region 
of the lake, which is reflected in the high accumulation of silty sands in cores 8 and 9.
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Between 1954 and 1963 there is a distinct layer of coarse (> 70 pm), organic matter poor 
(< 0.1 %), pale grey sediments, which differs from the light brown color that dominates 
the remaining sediments in the lake (Snyder et al. 2004b). This layer could represent 
mine tailings that were washed from the watershed during the floods of 1955 and 1964 
and transported to Englebright Lake. Due to the heavy mining activity in the Yuba River 
watershed during the late 19th century Gold Rush, there would be large volumes of 
mobile mine tailings in the watershed (Gilbert 1917, James 2005). The larger grain sizes 
associated with these tailings would limit their transport to flood events when the energy 
in the river was great enough to transport this material downstream as part of the bed 
load. Coarse material from mining activity in the Englebright Lake watershed would 
likely accumulate in the upstream reaches of Englebright Lake where the energy of the 
river decreases as it enters the lake. Inorganic geochemical data provides further 
evidence that material in cores 8 and 9 may result from hardrock gold mining. Tailings 
from hardrock gold mining in the Sierra Nevada Mountain Range contain elevated 
concentrations of naturally occurring arsenic, antimony, and lead, in addition to the 
mercury added to facilitate gold extraction (Ashley 2002, Alpers et al. 2006). Profiles of 
arsenic, antimony and lead for cores 8 and 9 show a horizon between 5 and 15 m with 
higher concentrations of these metals (Alpers et al., 2006), which corresponds to 
sediments deposited between 1954 and 1963. Sediment accumulation rates after 1963 
decrease drastically, reflecting a change in depositional regime from foreset accumulation 
to topset accumulation (Snyder et al. 2006). Lower accumulation rates after 1963 and 
sediment properties may also indicate the absence of mine tailings (Wright and 
Schoellhamer 2004), showing that the mine tailings were washed from the Yuba River 
watershed and into Englebright Lake prior to and during the major flood in 1964.
Conclusions
In the Englebright Lake system, a combination of coarse and fine sediments and high
concentrations of biogenic gas make it difficult to constrain accumulation rates using
traditional approaches. Plutonium isotopes provide an alternative method for examining
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accumulation patterns in this impoundment following the construction of the dam that 
created the lake. Strong correlations between 239+240p u and 137Cs isotopes in some cores 
indicate that the behavior of these isotopes is similar in freshwater environments. 
Additionally, 239+240Pu was detected in clay, silt, and sand fractions, but did show a 
stronger affinity for fine grain sizes (< 63 pm). This work indicates that 239+240pu can be 
applied as a sediment geochronometer in freshwater systems dominated by coarse and 
fine-grained sediment accumulation. Accumulation rates calculated from grain-size 
normalized plutonium activity profiles were used to explore different depositional 
settings in the lake over three time periods and compare them to flood and land-use 
impacts in the lake’s watershed.
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Figure 2-1. Map of cores collected from Englebright Lake.
Englebright Lake is located in northern California, and a map of its watershed is shown in 
the insert. The six sediment cores examined in this study are identified with labeled 
points in the lake.
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Figure 2-2. Depth profiles of plutonium activity.
Depth profiles (shown in meters below sediment surface) of plutonium activity (open 
symbols) and grain size normalized plutonium activity (filled symbols) show peaks in 
plutonium activity for five of the six sediment cores (all except Core 8) collected from 
Englebright Lake. Profiles are arranged by location in the lake, with the cores closest to 
the dam on the left and the cores closest to the mouth of the tributaries flowing into 
Englebright Lake on the right. The two cores from each region are plotted on the same 
axis: the left panels (cores 1 and 6) show plutonium activities for cores collected from the 
deepest part of the lake, the middle panels (cores 4 and 7) represent cores collected from 
near the delta front, and the right panels (cores 9 and 8) show plutonium activities for 
cores collected from the shallowest region in the lake. Error bars represent the combined 
standard deviation incorporating uncertainty associated with both the grain size and 
plutonium activity measurements. Grey shaded areas indicate the 1963 horizon.
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Figure 2-3. Spatial variability of accumulation rates in Englebright Lake.
Sediment accumulation rates calculated from grain size normalized plutonium activities 
were highly variable on temporal and spatial scales in Englebright Lake. Average 
accumulation rates from 1940-1954,1954-1963, and 1963-2002 for each core are shown 
with grey bars. Accumulation rates for 1954-1963 and 1963-2002 from core 8 (last core 
on the right) were not available because our sampling did not capture the peak in 
plutonium activity. The error bars represent one standard deviation from the average 
accumulation rate calculated from the three sediment horizons at, below, and above the 
depth of first detection and maximum grain size normalized plutonium activity. 
Accumulation rates from 1954-1963 are significantly higher than accumulation before 
and after this time period for all cores, expect core 1 and between 1940-1954 and 1954- 
1963 in core 9 (ANOVA and post-hoc tests, p = 0.04 for 1940-1954 and 1954-1963 
accumulation rates in core 6 and p s  0.001 for all other comparisons) The open diamond 
symbols show the accumulation rates for similar time periods determined from other 
geological proxies by Snyder et al. (2006).
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Figure 2-4. Comparison of cesium and plutonium activity profiles.
Depth profiles (in meters below sediment surface) of grain size normalized plutonium 
(solid line) and cesium (dashed line) activities show how well the radioisotopes compare 
to each other. Cesium data are from Snyder et al. (2006).
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Figure 2-5. Conceptual diagram of Englebright Lake sediment accumulation.
Conceptual figure showing regional sediment accumulation patterns in Englebright Lake and their relation to sediment input from 
the Yuba River. The sediment accumulation between 1939 and 2001 along the river thalweg is depicted, and regions of 
bottomset, foreset, and topset deposition are highlighted by different patterns in the figure. The six cores discussed in this study 
are identified by triangles labeled with the core number. This figure is based on data presented by Snyder et al. (2006).
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Table 2-1. Plutonium activities in sand, silt, and clay grain size fractions.
Results from an experiment to determine whether plutonium isotopes were associated with particular sediment grain size fractions. 
One sample from each core was analyzed and the mean grain size of these samples, determined with a Beckman-Coulter LS 100Q 
particle-size analyzer by the U.S. Geological Survey, is shown here (Snyder et al. 2004). Samples were then separated into three 
size fractions: sand (>63pm), silt (4 to 63pm) and clay (<4pm), and the percent sand, silt, and clay are reported here. The highest 
proportion of the plutonium activity was associated with the clay size in all of the sediment cores except Core 8 where activity was 
higher in the silt fraction. Because >75% of the measured plutonium was associated with the mud fraction, or those particles less 
than 63pm in diameter, plutonium activities were normalized to the mud fraction (% silt + % clay) for each sample using grain 
size data from Snyder et al. (2004).
Core
Number
Mean Grain 
Size (pm)
Sand
(%)
Silt
(%)
Clay
(%)
Pu in Sand 
Fraction (%)
Pu in Silt 
Fraction (%)
Pu in Clay 
Fraction (%)
Pu in Mud Fraction 
(Silt + Clay; %)
1 17.1 24.0 72.2 3.8 20.54 24.15 5531 79.46
6 23.0 14.7 76.0 9.3 12.77 23.02 64.21 8733
4 35.4 71.8 26.3 1.9 13.77 29.20 57.03 8633
7 74.8 63.3 34.4 2.3 21.96 28.82 4932 78.04
9 2848.0 98.0 1.6 0.2 0.74 9.31 89.95 99.26
8 2000.0 98.1 1.6 0.3 0.67 58.19 41.14 99.33
Table 2-2. Accumulation rates calculated from plutonium activity profiles.
The depths of first appearance and maximum activity of 239+240pu were used to calculate 
average accumulation rates during three periods of sedimentation in Englebright Lake: 
1940-1954,1954-1963, and 1963-2002. The depths of first appearance and maximum 
activity calculated from 137Cs profiles (Snyder et al., 2006) are shown in parentheses for 
cores 1,4, and 7. na=not available.
Distance 
from Dam 
(km)
Depth of First 
Appearance 
(m)
Depth of 
Maximum 
Activity (m)
Average Accumulation Rate (cm/yr) 
1940-1954 1954-1963 1963-2002
1 0.625 5.4 ±0.26  
(5.27)
4.8 ± 0.26 
(4.86)
6.4 ± 1.9 6.7 ± 2.9 12.3 ±0.7
6 2.6 5.25 ± 0.57 3.11 ±0.62 11.2 ±4.1 23.8 ±6.8 8.0 ± 1.6
4 5.1 11.2 ± 0.26 
(11.25)
6.9 ±0.31 
(7.47)
27.1 ± 1.9 47.4 ±3 .4 17.8 ±0.8
7 6.1 24.2 ± 2.63 
(27.93)
11.2 ± 0.44 
(na)
57.1 ±  18.8 144.4 ± 4.8 28.7 ± 1.1
9 7.4 14.6 ± 1.70 8.50 ± 1.22 58.7 ± 12.1 67.8 ± 13.5 21.8 ±3.1
8 8.35 19.2 ±0.97 na 28.6 ±6.9 na na
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Table 2-3. List of events in Yuba River watershed.
Key events in California’s history, including floods and land-use, influence the sediment 
accumulation record in Englebright Lake.
Date Event influencing sediment record in Englebright Lake
2002 USGS coring campaign of Englebright Lake
1997 Flood affects Sierra Nevada region of California
1986 Flood affects northern one third of California
1970 New Bullards Bar dam constructed across North Yuba River
1964 Flood affects northern one third of California
1963 Flood in the Yuba River watershed
1962 Flood in the Yuba River watershed
1960 Flood in the Yuba River watershed
1955 Flood affects Sierra Nevada region of California
1950 Statewide flood
1941 Englebright Dam completed on the Yuba River
1848 Gold mining era in California begins
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Table 2-4. Results from lipid-extraction experiment.
Results from an experiment to test the effect of lipid extraction on the plutonium activity 
of Englebright Lake sediments show that there is no significant difference between 
plutonium activities measured from lipid-extracted sediments and from unaltered 
sediments. Sediment cores collected from Englebright Lake by the USGS were 
subsampled to be analyzed for organic carbon, including lipid biomarkers, and plutonium 
activities. The sample size, especially in the coarse-grained sediments, was not always 
large enough for all analyses, so an experiment was designed to test if the lipid extraction 
method would impact the plutonium activity. The lipid extraction method involves using 
an accelerated solvent extractor (ASE) with a 2:1 (v/v) dichloromethane to methanol 
mixture of solvents at high temperature and pressure to extract lipids from the sediments. 
Three samples were selected based on their different sediment characteristics (i.e., mean 
grain size and grain size distribution) and on the amount of sample available for analysis. 
Three replicates of lipid extracted samples and unaltered samples were analyzed for 
plutonium with ICP-MS, and the average and standard deviation of plutonium activity are 
reported here. Differences between plutonium activities in lipid extracted sediments and 
unaltered sediments were determined with a two-tailed student’s t-test, and p-values > 0.1 
indicate that lipid extraction prior to plutonium analysis does not change the plutonium 
activity in a sample.
Sample ID Preparation Replicates ZM H M O pu ( B q  k «  l )
p-value from 
Student’s t-test
7C-4H-2 66-76 Lipid Extraction 3 0.037 ± 0.004
7C-4H-2 66-76 Unaltered Sediment 3 0.046 ± 0.007 0.16
6F-2H-2 80-100 Lipid Extraction 3 0.962 ± 0.025
6F-2H-2 80-100 Unaltered Sediment 3 0.990 ± 0.007 0.14
8C-3H-2 78-98 Lipid Extraction 3 0.007 ± 0.004
8C-3H-2 78-98 Unaltered Sediment 3 0.015 ±0.006 0.10
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Abstract
Organic matter in sediments includes a mixture of sources, often making it difficult to 
resolve their biological origins. In this study, we surveyed organic matter sources from 
the Upper Yuba River watershed in northern California to identify specific biomarkers to 
differentiate between aquatic and terrigenous sources of organic matter. Multiple classes 
of organic proxies, including sterols, fatty acids, lignin phenols and stable isotopes were 
measured in soils, vegetation, charcoal and freshwater plankton collected from the study 
system to characterize the organic signatures in the representative end member sources. 
Sterols, including 27-nor-24-cholesta-5,22-dien-3|3-ol, cho!esta-5,22-dien-3p-ol, 
brassicasterol and cholesterol, and positive 615N values were associated with aquatic 
organic matter sources (freshwater plankton and suspended particulate organic matter), 
whereas lignin phenols, long chain fatty acids and diacids characterized terrigenous 
organic matter (soils, charcoal and vegetation). Variability within terrigenous samples 
was explained by relative contributions from higher plants (diacids and Cl 8: la>9t) and 
fungi and bacteria (branched fatty acids and C l8: 1cd7). Trends in organic carbon and 
biomarker signatures in soil samples emphasize the influence of human land-use through 
an inverse relationship between OM content and the degree of human disturbance. These 
data expand upon previous biomarker research defining organic signatures in source 
material and provide useful proxies for identifying organic matter in freshwater systems 
in the study region.
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Introduction
Understanding how human activities, land use and climate change have altered 
continental landscapes over time presents many challenges for geochemists, 
archaeologists and paleoecologists trying to decipher lake sediment records. 
Deforestation, agriculture and urbanization, for example, strongly modify continental 
landscapes by changing the amounts and kinds of vegetation, altering nutrient loadings, 
and increasing soil erosion and exposure to weathering processes (Regnier et al. 2013, 
Bauer et al. 2013). While many studies focus on coastal landscapes such as estuaries and 
the land-ocean margin, where human activities have contributed to profound ecosystem 
changes (e.g., Zimmerman and Canuel 2002, Lotze et al. 2006), considerably less is 
known about continental systems such as lakes and reservoirs, particularly those in 
mountainous regions. Reliable proxies for soils and vegetation are needed to better 
understand how human activities and climate have altered terrestrial ecosystems and to 
interpret lake and river sediment records.
Biomarkers, chemical compounds whose origin can be linked to a specific organic
source, have been used in many environments to trace organic matter (OM) inputs and
transformation processes (Bianchi and Canuel 2011). Unique biomarkers have been
identified for different OM sources, including, for example, short chain fatty acids and
sterols like dinosterol which are indicative of microalgae (Volkman 1986, Zimmerman
and Canuel 2002), and branched fatty acids and specific amino acids which are indicative
of bacterial sources (Canuel and Martens 1993, Veuger et al. 2007). Biomarkers have
proven to be effective tools for quantifying terrestrial inputs to marine environments
using lignin phenols (e.g., Hedges and Mann 1979, Goni et al. 1998, Houel et al. 2006),
tracing wastewater effluent and human contamination with sterols such as corprostanol
(Jeng and Han 1996, Eganhouse and Sherblom 2001), or determining the contribution of
terrestrial and marine OM sources in an estuary using lipid biomarker compounds
(Canuel 2001, Waterson and Canuel 2008). However, geochemical approaches to
understanding OM sources in lakes, rivers, and terrestrial systems generally characterize
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bulk sediment and soil signatures with proxies such as total organic carbon (TOC), total 
nitrogen (TN), and stable carbon and nitrogen isotopes (6I3C and 615N) (Vreca and Muri 
2006, Masiello and Druffel 2012). A variety of limnology studies have employed 
biomarkers for understanding how OM sources change in response to impacts in the 
watershed (eg. Meyers 1997).
Of the studies that have used biomarkers to investigate OM in terrestrial and aquatic 
systems, the most common strategy is to focus on one class of biomarker to understand 
the origin and/or response of a particular source of OM to an outside influence, such as 
human land-use or long-term climate change. For example, Ouellet et al. (2009) used 
lignin to demonstrate the importance of terrigenous OM as a vector for mercury from 
watersheds to lakes and Van Metre et al. (1997) used organochlorine compounds to trace 
historic declines in water quality from reservoirs adjacent to human population centers. 
While biomarkers have proven useful for understanding ecosystems with a few different 
OM sources, in systems with many sources of OM, using a single class of biomarkers 
limits the amount of information that can be obtained. In complex systems, such as 
estuaries and coastal environments, multiple biomarkers and proxies, including stable 
isotopes, provide a more complete description of OM sources within the system (e.g., 
Goni et al. 1998, Yunker et al. 2005). For example, using organic carbon and stable 
isotope data, Das et al. (2008) attributed human land-use changes, specifically an increase 
in agricultural practices, to increased OM accumulation due to cultural eutrophication in 
nearby lake sediments, whereas Muri et al. (2004) used multiple classes of lipid 
biomarkers to delineate biogeochemical cycles, including sources, accumulation, and 
preservation, in an remote mountain lake. Multi-proxy studies have advanced the 
understanding of the ecosystem response to various stressors by allowing for the 
identification of multiple OM sources and interactions between these sources.
One limitation of using biomarkers in aquatic systems is that they are influenced by plant
species and the physical environment (Meyers 1994) and general assumptions about
biomarkers for aquatic or terrigenous OM may not hold across all study systems. This
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study examined biomarker signatures of the dominant OM sources in the Yuba River and 
Englebright Lake, and their watersheds, in northern California in order to optimize the 
application of biomarkers to small, mountainous rivers and similar aquatic systems. The 
sterol, fatty acid, lignin, and stable carbon and nitrogen isotope composition of soil, 
vegetation, charcoal and freshwater plankton were examined. The biomarker 
composition of these materials were then used to distinguish between aquatic and 
terrigenous OM sources, contributing to an improved understanding of anthropogenic and 
climate change effects within the watershed of this study system.
Study Site
The Yuba River drains a 3470 km2 watershed located in the Sierra Nevada mountain 
range in northern California, and includes three tributaries: the North Yuba River, Middle 
Yuba River and South Yuba River. These three tributaries converge at Englebright Lake, 
the downstream extent of the upper Yuba River watershed (Figure 3-1). The Yuba River 
watershed experiences a Mediterranean climate, with hot, dry summers, and precipitation 
occurring primarily between October and April. River discharge is controlled by winter 
storms and spring snowmelt. The upper Yuba River watershed has a population of 
approximately 16,000 people and only 1.6% of the watershed is considered urban 
(Federal 2000). The headwaters of the Yuba River and its tributaries lie at elevations 
greater than 2780 m where the soils exhibit minimal horizon development or are of 
volcanic origin (Staff 2013). At these elevations, the dominant vegetation is mixed 
conifer forest, dominated by Ponderosa pine and Douglas fir, while at lower elevations in 
the watershed, soils become more developed and fertile, and the vegetation cover changes 
to oak woodlands and chaparral communities. Forest and woodland land cover dominate 
the upper Yuba River watershed, and recent human land-use in the watershed is limited 
to logging operations (Curtis et al. 2006), water diversions (James 2005), and agriculture, 
including rangeland, cropland, and vineyards (Federal 2000). In contrast, during the mid 
19,h century the upper Yuba River watershed was heavily impacted by hydraulic gold 
mining (Wright and Schoellhamer 2004, James 2005), which contributed to high
sediment yields in the upper Yuba River (Gilbert 1917).
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Methods
Sample Collection
A total of 37 samples were collected throughout the upper Yuba River watershed in July 
2011 and July 2012 to characterize the signatures of multiple sources of OM (Figure 3-1). 
Samples included fresh vegetation, leaf litter and bark, charcoal samples from recent 
forest fire sites, soils, plankton, algae, and suspended particulate matter from lake water 
(Table 3-1).
Soil and Charcoal. Soil and charcoal samples were collected from agricultural, mining, 
forest and urban sites in the upper Yuba River watershed. The top 1 cm of soil was 
collected with a 16 cm2 diameter push core. At all sites, three cores were collected from 
a 1-m2 area and combined into a single soil sample (~15 g). Two additional samples 
were collected from subsurface soil horizons exposed at outcrops near roads. Charred 
vegetation from two recent forest fires were collected as charcoal samples. Soil sample 
colors were recorded using the Munsell Soil Color Index (Table 3-1) and then stored at - 
80°C before they were freeze-dried for organic analyses. Freeze-dried samples were 
sieved through 1.19 mm mesh to remove coarse gravel and plant material, and 
homogenized with mortar and rubber pestle to a fine powder before analysis.
Vegetation. Vegetation samples represented the dominant plant species in the watershed, 
and included pine,fir and oak trees, grasses, moss, and ferns (Table 3-1). The tissues 
included hard bark, leaves and needles, flowers, and litter samples. Samples were 
collected from two forested sites, one agricultural site, and from the shoreline of 
Englebright Lake, corresponding to locations where soil or aquatic samples were 
collected. All vegetation samples were stored at -80°C, freeze-dried, and homogenized 
with a mortar and pestle prior to analysis.
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Aquatic (Freshwater Plankton). Aquatic samples were collected from Englebright Lake 
to define autochthonous OM sources. Plankton samples were collected with a 0 5  m 
diameter, 63 pm mesh plankton net at three locations in Englebright Lake. At sites 1 and 
2, the plankton net was deployed to a depth of 8 m and a vertical tow was collected 
through the water column. At Site 3, near the confluence of Englebright Lake and the 
South Yuba River, a strong current prevented sample collection using a vertical plankton 
tow. Instead, the plankton net was deployed at the water surface for 30 seconds in a 1.9 
m3 s'1 current (USGS station 11417500). Following collection, the plankton samples were 
transferred to pre-combusted glass jars for storage. At each site, three plankton tows 
were collected to characterize the > 63 pm plankton assemblage in the lake. The plankton 
samples were then filtered through 0.7 pm pre-combusted glass fiber filters, stored at - 
80°C, and freeze-dried before elemental analysis.
Suspended particulate organic matter (POM) samples were collected concurrently at each 
of the sites where plankton samples were obtained. For biomarker samples, 20 L of lake 
water were collected with a peristaltic pump and filtered through 0.7 pm pre-combusted 
glass fiber filters. These filters were frozen at -80°C and stored until they could be 
analyzed for lipid biomarkers. POM samples for total organic carbon (TOC), total 
nitrogen (TN) and stable isotopes, were obtained from three replicate water samples (500 
mL each) and filtered through 0.7 pm pre-combusted glass fiber filters. These samples 
represented the > 0.7 pm plankton assemblage.
Algal biofilm samples from Englebright Lake were collected by scraping algae from the 
floating dock and buoy on the shoreline with an acetone rinsed spatula. The biofilm was 
filtered through pre-weighed 0.7 pm pre-combusted glass fiber filters, frozen at -80°C, 
and freeze-dried. Before being analyzed for lipid biomarkers, the filters were weighed to 
determine the dry weight of the sample. Together, these three types of samples describe 
the general freshwater plankton signal in Englebright Lake.
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Organic Proxy Analysis
TOC, TN, and Stable Isotope Analyses. Small aliquots (5 to 50 mg) of soils, vegetation, 
and plankton were acidified with dilute HC1 to remove inorganic carbon (Hedges and 
Stem 1984) and dried overnight at 60°C before being analyzed with a Carlo Erba 
Elemental Analyzer to measure total organic carbon (TOC) and total nitrogen (TN) 
content. Filters with particulate samples from lake water were placed in a desiccator with 
6N HC1 and fumed overnight to remove inorganic carbon. Filters were then dried for a 
minimum of four days before being packaged and analyzed for TOC and TN content with 
the Carlo Erba Elemental Analyzer. Replicate analyses (n = 2 to 4) were run for all 
samples and the variation between samples was generally less than 5%, but was higher in 
samples with lower OM concentrations.
Samples for stable carbon and nitrogen isotope (6I3C and 615N) analyses were prepared 
similarly. Stable carbon and nitrogen isotope ratios were measured with a Costech ECS 
4010 CHNSO Analyzer (Costech Analytical Technologies, Inc.) connected to a Delta V 
Advantage Isotope Ratio Mass Spectrometer with the Conflo IV interface (Thermo 
Electron North America, LLC). All stable carbon and nitrogen isotope values are 
reported relative to standard reference materials (6I3C: PeeDee Belemnite limestone;
615N: atmospheric nitrogen).
Lipid Biomarker Analysis. Samples were analyzed for lipid biomarkers following the 
procedure outlined by (Waterson and Canuel 2008). Briefly, aliquots of soils (10 to 50 
g), vegetation (1 to 5 g) and whole water filters were extracted with a mixture of 
dichloromethane (DCM) and methanol (2:1, v/v) at 80° C and 1200 psi using an 
accelerated solvent extractor. Extracts were partitioned according to (Bligh and Dyer 
1959) using a 1:1:0.9 solution of DCM, methanol, and NaCl (20% aqueous solution) to 
separate organic extracts from the aqueous phase. The organic fraction was saponified 
and neutral and acidified fractions were extracted (Canuel and Martens 1993). Neutral 
lipids were separated into lipid compound classes using silica gel columns and fractions
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containing sterols and alcohols were collected. The acidified lipids were methylated and 
fatty acid methyl ethers (FAMEs) were purified using silica gel columns. Sterol and 
alcohol fractions were derivatized with N,0-Bis(trimethylsilyl)trifluoroacetamide 
(BSTFA) prior to analysis with an Agilent 7890A GC (DB-5MS 30m x 0.32mm column 
with 0.25pm film) connected to an Agilent 5975C mass spectrometer. FAME fractions 
were analyzed with an HP5890 series II GC (DB-23 60m x 0.32mm, 0.25pm film). 
Compounds were quantified relative to internal standards (C2, FAME for FAME analysis 
and 5a-cholestane for sterol analysis) and were blank corrected prior to data analysis.
The average recovery of nonadecanol and 5a-androstanol (surrogate compounds added at 
the beginning of the analysis) from this analysis was greater than 65%, and variation 
between blank-corrected replicate samples was less than 20%.
Lignin Biomarker Analysis. Lignin phenols were measured following the method 
described by(Louchouam et al. 2000). Soil, charcoal^nd vegetation samples were 
weighed so approximately 4 mg of organic carbon were analyzed for each sample.
Lignin analyses were not conducted on the aquatic samples because the samples were not 
large enough and because these samples were not expected to contain lignin (Hedges and 
Mann 1979). Samples were loaded into stainless steel vessels with 330 mg of CuO, 150 
mg Fe(NH4)Mg, and 2 to 3 mL of 2N NaOH. The CuO oxidation reaction occurred as 
samples were stirred and heated for 3 hours at 154°C in a modified GC oven. A standard 
surrogate solution containing ethyl-vanillin and rrans-cinnamic acid was then mixed into 
the vessels, the solution was decanted, and vessels were rinsed twice with IN NaOH. 
Lignin oxidation products were separated from this solution with three rinses of ethyl 
acetate. Samples sat over Na2S 04 overnight to remove water and were dried with a 
Zymark TurbVap II solvent concentrator before being redissolved in pyridine and 
derivatized with BSTFA. Lignin oxidation products were measured with an Agilent 
7890A GC (DB-5MS 30m x 0.32mm column with 0.25pm film) connected to an Agilent 
5975C mass spectrometer using 13 3 -tri isopropyl benzene as an internal standard to 
compute the concentrations of 13 lignin phenol compounds. Peak areas were blank-
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corrected prior to analysis, and the average variation between replicate samples was 
approximately 20%.
Total lignin concentrations normalized to dry mass of sediment (28) were calculated as 
the sum of vanillyl, syringyl, and cinnamyl lignin phenols (Hedges and Ertel 1982) and 
were normalized to TOC to calculated total lignin yields (A8). Ratios of syringyl to 
vanillyl phenols (S/V) and cinnamyl to vanillyl phenols (C/V) were used to differentiate 
between vascular plant tissues (Hedges and Mann 1979). Acid to aldehyde ratios of 
vanillyl phenols [(Ad/Al)v] and 3,5-dihydroxybenzoic acid to vanillyl phenol ratios (3,5- 
Bd:V) provided information regarding the degradation state of organic matter derived 
from vascular plants (Hedges and Mann 1979, Hedges and Ertel 1982) .
Data Analysis
Peak areas were integrated using the Chem Station software package (Agilent) and 
converted to concentrations. These values were analyzed for statistical differences using 
R-Studio version 0.98.507. In order to identify differences in OM sources in the upper 
Yuba River watershed, principal components analysis (PCA) was performed on fatty 
acid, sterol, alcohol and lignin biomarker data. PCA is a data-exploration method that 
simplifies complex data sets into a small number of principal components (PC) to 
describe factors controlling variation within the data. Prior to this analysis, biomarker 
values were blank-corrected and any undetected values were replaced with the biomarker 
detection limit, or one-half the minimum detected concentration of each variable (Yunker 
et al. 2005). Biomarker concentrations were then normalized to the total fatty acid, 
sterol, or alcohol concentration to reduce artifacts related to large concentration 
differences (Yunker et al. 2005). Each biomarker value was divided by the geometric 
mean of that variable across all samples and log transformed. Biomarker variables were 
auto-scaled by subtracting the mean and then dividing by standard deviation from each 
value within a variable class. These normalization steps created a dataset that was
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unaffected by negative bias or closure (Yunker et al. 2005). PCA was performed with 37 
observations (samples) and 31 variables (lipid and lignin biomarkers).
Lipid, lignin, TOC and TN data that did not meet the assumption of normality required 
for the statistical analyses, were log-transformed prior to regression, correlation, and t- 
test analysis. Stable carbon and nitrogen values were not transformed for statistical 
analyses because they met the required assumptions. Data reported here are either 
presented on a mass-normalized (pg g'1) or percent basis.
Results
TOC, TN, and Stable Isotopes
TOC ranged from 0.27 to 46.96% dry weight in soil, vegetation and plankton samples 
and was approximately 80 pg L 1 for the POM samples (Table 3-2). As expected, %TOC 
was higher in the vegetation (p < 0.001) and freshwater plankton (p < 0.001) samples 
than in the soil samples (Figure 3-2a). Within the soil samples %TOC content was higher 
in forest soils than agricultural soils (p = 0.003) or urban soils (p < 0.005); mining and 
subsurface soils had significantly lower %TOC (p < 0.001) (Figure 3-3a). TN varied 
between 0.01 and 6.25%, and was highest for the plankton samples collected from sites 1 
and 2 in Englebright Lake (Figure 3-2b). Mining and subsurface soils had the lowest 
%TN (p < 0.001 for student’s t-test between mining and agriculture, forest, and urban 
soils and between subsurface and forest soils; p = 0.005 between subsurface soils and 
agriculture and urban soils) and agricultural and forest soils had the highest %TN (Table 
3-2, Figure 3-3d).
Carbon to nitrogen ratios (C:NJ ranged from 5.6 to 81.5, and were lowest in freshwater 
plankton samples (8.5 ± 3.4, p < 0.02) and highest in plant samples (55.7 ± 21.2, p < 
0.005) (Table 3-2, Figure 3-4a). The variability in C:Na ratios from soil samples was 
high (10.8 -  35.8); agricultural soils had significantly lower C:Na ratios than forest soils
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(p = 0.004). Unlike TOC, C:Na ratios did not exhibit any relationship with levels of 
human impact (Figure 3-4b).
613C ranged from -33 to -23%o. Freshwater plankton samples had significantly lower 6I3C 
values (-31.72 ± 2.39%o) than the terrigenous (vegetation and soil) samples (-28.1 ± 
2.1%c, p = 0.012) (Table 3-2; Figure 3-2c). 6I5N ranged from -11 to 3%o, with the lowest 
values associated with the vegetation samples (-7.62 ± 1,02%o), especially from the 
gymnosperm and tree bark samples. The freshwater plankton samples had significantly 
higher S15N values (1.48 ± 2.73%o, p < 0.001) (Table 3-2; Figure 3-5a).
Lipid Biomarkers
Total sterol concentrations ranged from below detection (BD) to 5416.4 pg g \  and 
carbon normalized total sterol concentration ranged from BD to 14.4 pg mgT0C'. Carbon 
normalized sterols were higher (p < 0.05) in aquatic (1.8 ± 1.6 pg mgxoc ') and plant (2.4 
± 3.0 pg mgTOC') samples than in soil (1.3 ± 3.5 pg mgxoc ') and char (0.3 ± 0.1 pg 
mgToc"1) samples. The dominant sterols included 27-nor-methylchoesta-5,22-dien-3p-ol, 
cholesta-5,22-dien-3|3-ol, cholest-5-en-3(5-ol (cholesterol), 24-methylcholesta-5,22-dien- 
3p-ol (brassicasterol), 24-methylcholest-5-en-3|3-ol (campesterol), 24-ethylcholesta-5,22- 
dien-3p-ol (stigmasterol), 24-ethylcholest-5-en-3(3-ol (sitosterol) (Table 3-3). Sterols 
such as 27-nor-methylchoesta-5,22-dien-3|3-ol, and cholesta-5,22-dien-3|3-ol, typically 
assigned to aquatic sources, were detected in all aquatic samples, as well as V9 and AS2. 
The proportion of brassicasterol and cholesterol to the total sterol concentration was 
higher in aquatic samples (p = 0.02-0.04 and p < 0.01, respectively), while the proportion 
of plant sterols (stigmasterol, campesterol and sitosterol) was higher in vegetation 
samples than in aquatic (p = 0.01) and soil samples (p = 0.002).
Total fatty acid (FA) concentrations ranged from 6.8 to 8422.9 pg g~', or 1.2 to 25.2 pg
mgToc 1 on a carbon-normalized basis. TOC-normalized total FA concentrations were
higher in the aquatic samples (23.8 ± 1.4 pg mgxoc ') than in soil (3.9 ± 2.1 pg mgxoc '),
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char (3.2 ± 0.3 pg mgTOC'), and plant (5.1 ± 2.1 pg mgTOC ') samples (p < 0.003). 
Saturated FA comprised the largest fraction (mean = 60 ± 14% of total FA), and short 
chain FA (SCFA = CI2+ C,4+ C16+ C18; mean = 34.0 ± 16.0% of total FA) concentrations 
were higher than long chain FA (LCFA = C24+ C2,+ C26+ C27+ C^-h C29+ C30+ C31+ C32; 
mean = 13.7 ± 10.5% of Total FA) in all samples, except the mixed bark sample (V9). 
LCFA varied across sample types with significantly higher contributions in soils (17.7 ± 
9.6%), charcoal (19.3 ± 15.3%) and vegetation (12.5 ± 10.0%) than in the aquatic 
samples (1.2 ± 1.5%, p < 0.01 for all three one-sided t-tests). Significant differences in 
the concentration of polyunsaturated FA (PUFA) between the samples were only evident 
for the C[g PUFAs, and not for C16 PUFAs or C20+C22 PUFAs. C18 PUFAs were more 
abundant in the vegetation samples than in aquatic (p = 0.015) or soil (p < 0.001) 
samples. On average, monounsaturated fatty acids made up 19.6 ± 8.4% of the total fatty 
acid composition among samples, branched fatty acids (BrFA) and diacids were less than 
20% of the total fatty acids in all samples, and diacids were not detected in any aquatic 
samples.
Lignin Biomarkers
Total lignin concentration (28) ranged from 0.01 to 43.96 mg g ', and carbon normalized 
lignin concentration (A8) ranged from 0.18 to 11.39 mg/100 mgTOC. 28 was highest in 
vegetation and charcoal samples (p < 0.01), and soil samples from the mine sites and 
from the subsurface horizons had the lowest lignin concentrations (Table 3-3). Ratios of 
syringyl to vanillyl phenols (S/V) and cinnamyl to vanillyl phenols (C/V) phenols 
showed a wide rage of values (S/V = 0.002 -  5.61 and C/V = 0.02 -  5.76), with the 
greatest range observed in the vegetation samples. There was no significant difference in 
C/V or S/V detected between plant, charcoal, and soil samples. (Ad/Al)v and 3,5-Bd:V 
were higher in soil and charcoal samples than in the vegetation samples (p < 0.001 and p 
= 0.02, respectively); (Ad/Al)v ranged from 0 .13 -1 .04  and 3,5-Bd:V ranged from 0.0 to 
0.7 across all soil, vegetation and charcoal samples (Table 3-5).
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Principal Components Analysis (PCA)
PCA was used to determine sources of variability in the lipid and lignin biomarker data. 
An initial PCA was run on all samples using only the lipid biomarkers (Figure 3-6a), and 
PC-1 and PC-2 described 23.9% and 16.9% of the variability of the fatty acid and sterol 
data, respectively. Freshwater plankton samples grouped together with negative scores 
on PC-1, vegetation samples generally had positive scores on PC-1, and soil samples had 
negative scores on PC-1 and PC-2. Cholesterol and C18:loo7 had the most negative 
loadings on PC-1, and C l6:0 (0.356) and diacids (-0.304) had the most extreme values on 
PC-2 (Figure 3-6b).
A second PCA was run using all biomarker data, including fatty acids, sterols, and lignin, 
but only using the vegetation, soil, and charcoal samples (Figure 3-6c). PC-1 and PC-2 
from this second PCA explained 25.3% and 14.5% of the variability in the biomarker 
data, respectively. Vegetation samples grouped together with positive PC-1 scores, and 
soils grouped together with negative PC-1 scores. Overall, sample groupings were driven 
by 28 (0.343), odd-numbered monounsaturated FA (Odd MUFA) (-0.354), and BrFA (- 
0.308) on PC-1 and by C18:lto7 (0.379), C18:lco9c (0.393), C18:lco9c (-0.246), and 
diacids (-0.251) on PC-2 (Figure 3-6d).
Discussion
Bulk Signatures from the Upper Yuba River Watershed
TOC, TN, and C:Na. The TOC and TN content of samples collected from the upper Yuba 
River watershed varied widely across the OM sources analyzed in this study. As 
expected, TOC and TN were highest in the living plant and plankton samples, and lower 
in soil and charcoal samples (Figure 3-2). The lower TOC and TN content associated 
with soil samples is consistent with increased OM processing through plant litter 
decomposition and microbial and fungal degradation associated with soil OM formation 
(Wedin et al. 1995), and the lower TOC content of charcoal is likely caused by exposure
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to extreme heat in fires (Turney et al. 2006). The soil samples suggest that both TOC and 
TN contents decrease as a result of human land-use. The average TOC content was 
highest in forest samples and decreased in agricultural, urban, mining samples (Figure 3- 
3). TN content behaved similarly to TOC content across different soil types, but was 
elevated in agricultural samples, likely reflecting the addition of nitrogen to soils to 
increase agricultural efficiency (Compton and Boone 2000). Charcoal signatures are 
intermediate of soil and vegetation signatures (Figure 3-5b), reflecting the oxidation of 
vegetation and litter as a result of forest fires and as part of the formation of soil OM 
(Quideau et al. 2001, Gonzalez-Perez et al. 2004).
C:Na ratios also can differentiate aquatic from terrigenous OM sources. The low C:Na 
ratios in freshwater plankton samples (C:Na < 10, except for PL3) collected from 
Englebright Lake are consistent with aquatic OM sources (Meyers 1994, Kaushal and 
Binford 1999) (Figure 3-4a). C:Na ratios are higher in terrigenous samples, with typical 
values ranging between 20 and 85.5, consistent with C:Na ratios in higher plants (Hedges 
and Oades 1997, Cloern et al. 2002). Soil and charcoal samples have intermediate C:Na 
values associated with the decomposition or combustion of plant matter. However, 
average C:Na ratios in soils was high (21.49 ± 9.10) compared to reported soil C:Na ratios 
(10-12) (Hedges and Oades 1997, Onstad et al. 2000), and in agricultural soils (12.6 ±
1.3) is comparable to these reported values. High C:Na ratios in most of the soils 
collected from the upper Yuba River watershed may reflect the average grain size. For 
example, C:Na in sands are usually higher (15-45) than C:Na in silt (13-25) or clay-sized 
particles (7-13) (Hedges and Oades 1997).
Stable Isotopes. Using stable isotopes to differentiate among OM sources in aquatic 
systems has had mixed results. McConnachie and Petticrew (2006), for example, used 
613C and 615N to successfully model inputs from soil, salmon, and algal sources. In 
contrast, Cloern et al. (2002) examined seasonal variability in 613C and 6I5N values for 
marsh and estuarine plants and soil samples throughout the San Francisco Bay estuary,
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and concluded that variation among and across sources was too great, and that the use of 
stable isotopes alone could not differentiate between OM sources in the San Francisco 
Estuary. In the upper Yuba River system, 615N values for freshwater plankton samples 
were higher than 615N values for plant, soil, and charcoal samples (p < 0.01). This is 
consistent with greater processing of nitrogen in aquatic samples from Englebright Lake 
(Cifuentes et al. 1988) than in terrigenous OM from the watershed. Results from this 
study suggest that S,5N can be used to trace OM sources given the highly negative values 
found in higher plants (-11 to -4%o), slightly negative values measured in soils (-3 to - 
l%c), and positive values observed in aquatic samples (0 to 3%c) (Figure 3-2d).
813C values also distinguish between terrigenous and aquatic samples because 613C in 
freshwater plankton samples are lower than 5I3C signatures in vegetation, char and soil 
(Figure 3-2c). In general, 613C values less than -31%c indicate aquatic OM sources 
whereas 513C values greater than -31%o suggest terrigenous OM sources. Of the 37 
samples collected for this study, 813C values from three samples did not follow this trend: 
plankton collected from site 3 in Englebright Lake (PL3), one subsurface soil sample 
(SSI) and one charcoal sample (CC2) (Table 3-2). The 513C value for PL3 suggests 
mixing between aquatic and terrigenous OM sources in Englebright Lake, and will be 
discussed in more detail in a later section. The unexpectedly low 513C values in the 
charcoal and subsurface soil samples reflect degradation processes (i.e., burning or 
decomposition) influencing these samples.
Stable carbon isotope values within the terrigenous samples were variable and may 
reflect similarities in the source of OM in soil and vegetation samples, specifically the 
decay continuum from plant litter inputs to the formation of soil OM (Melillo et al.
1989). Plant litter decay and soil formation processes may lead to a small amount of 
isotope fractionation (2-4%o; Connin et al. 1997), which explains some of the variability 
observed among the 5I3C values of the terrestrial samples. However, an isotope bi-plot of
5I5N vs 513C values shows resolution between vegetation, soil, and aquatic samples,
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whereas the regions of overlap indicate similarities between the OM sources (Figure 3- 
5a). In the upper Yuba River system, bulk elemental and stable isotopic values can 
differentiate between OM sources (Figure 3-5) and these parameters can be used in 
conjunction with biomarker data to enhance our ability to identify aquatic and terrigenous 
OM sources.
Biomarker Signatures in Aquatic Samples
Results from the PCA suggest that concentrations of aquatic sterols and cholesterol drive 
differences between aquatic and terrigenous sources (Figure 3-6a,b). Aquatic sterols 
(cholesta-5,22-dien-3p-ol and 27-nor-24-methylcholesta-5,22-dien-3p-ol) are found 
almost exclusively in aquatic samples collected from Englebright Lake. Cholesta-5,22- 
dien-3|3-ol, a biomarker for diatoms (Volkman 1986, Barrett et al. 1995), was measured 
in freshwater plankton at concentrations similar to measured values from estuarine and 
river sediments (Mudge and Norris 1997, Volkman et al. 2008). 27-nor-24- 
methylcholesta-5,22-dien-3{5-ol has been associated with marine dinoflagellate species 
(Goad and Withers 1982, Mansour et al. 1999); however, the absence of dinosterol (a 
sterol specific to dinoflagellates) in samples collected from Englebright Lake suggests 
against the presence of dinoflagellates in Englebright Lake. Instead, 27-nor-24- 
methylcholesta-5,22-dien-3|3-ol detected in the aquatic samples may reflect contributions 
from other microalgae or from the bacterial biodegradation of diatoms (Holba et al.
1998). The presence of Odd MUFA and BrFA in aquatic samples support contributions 
from bacterial OM sources to these Englebright Lake samples (Volkman et al. 1980, 
Canuel and Martens 1993). Further evidence of the dominance of diatoms in the aquatic 
community of Englebright Lake comes from the presence of brassicasterol in aquatic 
samples. Brassicasterol has been identified in many aquatic systems as a biomarker for 
diatoms and other microalgae (Cranwell 1976, Kumari et al. 2013). In the upper Yuba 
river watershed, contributions from brassicasterol, while not exclusive to aquatic 
samples, were highest in aquatic samples from Englebright Lake. Brassicasterol was 
higher in the small size fraction (> 0.7 pm) of freshwater plankton in Englebright Lake
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(8% - 20%) than in the larger fraction (> 63 pirn) of freshwater plankton (1% -3%), 
suggesting that these two size fractions may represent different plankton communities.
Cholesterol also contributed to differences between aquatic and terrigenous OM sources 
(Figure 3-6a,b), and provides information about the aquatic community described by 
large plankton (> 63 pm) samples from Englebright Lake. Cholesterol dominates the 
sterol composition in many microalgae species (Volkman 2003), as well as in 
crustaceans, insects, and zooplankton carcasses (Volkman 1986,Volkman et al. 1987, 
Kanazawa 2001). In Englebright Lake, cholesterol was the dominant sterol (75% - 85%) 
in plankton (> 63 pm) collected from sites 1 and 2. The high percentage of cholesterol, 
and the small contributions from algal biomarkers in these samples, suggests that the 
plankton community (> 63pm) in Englebright Lake was likely comprised of crustaceans, 
such as amphipods, or other zooplankton.
Variation within the aquatic samples was also evident in the composition of FA, 
specifically SCFA (Figure 3-6a,b). SCFA, especially C,6 and C18, are non-specific fatty 
acids and have been detected in samples from diverse species (Ruess and Chamberlain
2010). However, SCFA are routinely found to be the dominant FA in aquatic samples, 
including seagrasses, marsh grasses and macro and microalgae (Volkman et al. 1980, 
Canuel and Martens 1993). In samples collected from the upper Yuba River watershed, 
SCFA are ubiquitous, but generally dominate the FA composition of aquatic samples (> 
50% of total FA, except POM2 and ALG) (Table 3-3). Interestingly, trends in the 
variation within the aquatic samples highlight changes in OM composition throughout 
Englebright Lake. For example, as the distance from the dam increased (i.e., from site 1 
at the dam to site 2 to site 3 near the river confluence), biomarker signatures from aquatic 
samples became more similar to soils (i.e., PC-2 scores decreased). This trend was 
evident for all freshwater plankton samples (Figure 3-6a),and indicates mixing between 
terrigenous and aquatic OM sources at the river confluence that decreases with distance 
from the river.
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Biomarker Signatures in Vegetation
Plant sterols and multiple FA groups characterized terrigenous OM sources in the upper 
Yuba River watershed. Campesterol, stigmasterol and sitosterol have been ascribed to 
higher plants in previous studies (Huang and Meinschein 1979, Volkman et al. 1987, 
Gonzalez-Perez et al. 2011), and were investigated as a potential terrigenous biomarker 
for this study system. Concentrations of campesterol and stigmasterol varied across all 
samples, with no significant differences in the distribution of these sterols. However, 
contributions of sitosterol comprised over 85% of the total sterol concentration in all 
vegetation samples, higher than concentrations measured in any of the aquatic samples (p 
< 0 .01).
FA and lignin biomarkers supplement sterol biomarker data, and in samples collected 
from the upper Yuba River watershed several FA groups provide supporting data that 
allow us to distinguish between aquatic and terrigenous OM sources. Concentrations of 
LCFA, C,8 PUFA, and C22:0, diacids, and total lignin phenols (28) were higher in 
terrigenous samples than in aquatic samples (p < 0.01 for aquatic vs. terrigenous values 
from these biomarkers), and were highest in plant samples collected from the watershed 
(p < 0.01). These biomarkers have been used as to trace terrestrial OM sources in many 
soil, estuarine and marine sediment studies (Almendros et al. 1996, Mudge and Norris 
1997, Zimmerman and Canuel 2002, Waterson and Canuel 2008, Gonzalez-Perez et al.
2011). Further, diacids, a biomarker for plant leaves and roots (Volkman et al. 1980, 
Zelles 1999, Mueller et al. 2012), were only detected in terrigneous samples from the 
upper Yuba River watershed, and not freshwater plankton samples from Englebright 
Lake. Together, these biomarkers identify higher plant inputs from the upper Yuba River 
watershed.
Biomarkers in Soils and Charcoal
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The presence of diacids and high concentrations of LCFA, C22:0, C18PUFA and 28 prove 
to be excellent biomarkers for terrigneous OM in Englebright Lake, but concentrations of 
these biomarkers differ between soil and plant samples. 28 and C,8 PUFA were highest in 
plant samples (p < 0.01), as expected because higher plants synthesize C18 PUFAs and 
lignin (28) as structural components. The presence of these biomarkers, in additiona to 
concentrations of diacids and brassicasterol, reflects the incorporation of vascular plant 
matter into soil OM. Concentrations of diacids are highest in soil samples, likely 
reflecting high inputs from the suberin component of roots (Mueller et al. 2012). 
Concentrations of brassicasterol in soils are unexpected because brassicasterol is 
commonly used as a biomarker for microalgae diatoms. However, brassicasterol is 
produced by organisms from the Brassicaceae plant family (Schaeffer et al. 2001, 
Piironen et al. 2003, Gonzalez-Perez et al. 2011), a medium-sized family of mostly 
agricultural plants (e.g., broccoli, cabbage and mustard). Several species from this family 
are invasive weeds in North America that are well adapted to thrive in cleared areas such 
as mine pits or along roadsides (Pysek and Pysek 1998, Meekins et al. 2001), and the 
presence of brassicasterol in soil samples suggests a relatively high abundance of 
Brassicaceae in the upper Yuba River watershed.
In addition to the biomarkers indicating inputs from higher plants in soil OM signatures, 
biomarkers for bacterial and fungi also comprise OM signatures in soils. Concentrations 
of Odd MUFA and BrFA indicate bacterial inputs (Volkman et al. 1980, Canuel and 
Martens 1993), and concentrations of C18:lw5 likely reflect fungal biomass contributed 
during biodegradation of plant OM during the formation of soils (Weete et al. 1985, 
Zelles 1999). Bacteria and fungi are responsible for the degradation of soil OM, and this 
is reflected in high (Ad/Al)v from lignin phenols. (Ad/Al)v range from 0.31 to 1.05 in 
soils from the upper Yuba River, showing that the amount of degradation of soils varies 
from fresh to highly degraded (Goni et al. 1993). Biomarkers indicative of bacterial and 
fungal sources allow for the distinction between higher plants and soils that comprise the 
general terrigenous OM signature in Englebright Lake.
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Variability in Soil and Plant Signatures.
Loadings from the PCA analysis of terrigenous samples suggests that differences 
between plant samples or between soil samples arise from concentrations of diacids and 
Cl 8:1 biomarkers (Figure 3-6b). Samples V4, V5,and V8 (representing needles or leaves 
from fir, pine, and oak trees) are described by concentrations of Cl 8:1 oo9t and diacids. 
High concentrations of these biomarkers likely reflect inputs from conifer plants 
(Cl 8:1 ca9t, Mueller et al. 2012) and from the cutin found in leaves and bark from these 
samples (diacids, Volkman et al. 1980). The PCA results for the terrigenous samples 
(Figure 3-6b) suggest that scores for vegetation samples representing agricultural and 
lakeshore grasses and ferns (V1, V2, V7, V 11, and V 12) are driven by high 
concentrations of 18:lco9c and C18:l(o7, indicating increased inputs from bacterial or 
fungal sources (Stahl and Klug 1996,Zelles 1999). However, it is more likely that values 
for these vegetation samples reflect low concentrations of 18:1 oo9t and diacids, indicating 
that, as expected, the cutin coating for leaves and bark is not a major component in 
grasses and fems.
Instead, loadings from 18:lco9c and C18:lo>7 explain PCA scores for soil samples, where 
bacterial and fungal decomposition are expected to affect OM sources. Almost all soil 
samples have positive loadings on PC-2, indicating they have undergone oxidative 
degradation associated with bacterial and fungal activity. The urban soils (US2, US3, and 
US4) were expected to be more similar to the other degraded soils but instead fall in their 
own region of the score plot (Figure 3-6c). These samples were collected at elevations 
above 380 m where there is a transition from andisol to entisol soils (Staff 2013). Entisol 
soils (US2, US3, and US4) are undeveloped, and therefore, have undergone less 
degradation associated with soil formation. All other soil samples are andisols, which are 
more developed, and as expected, are more degraded (i.e., higher (Ad/Al)v ratios). The 
only other soil sample with negative PC-2 scores was collected from an organic farm
73
(AS2) where soil may be enriched in OM in an effort to increase agricultural efficiency 
through fertilizer use, and therefore, appears to be less degraded.
The soil samples generally group together by soil type, with mining and subsurface soils 
grouping closely together, and agricultural and forest samples creating additional groups 
(Figure 3-6c). Several biomarkers analyzed in samples from the study site show an 
interesting trend that tracks the decreasing %TOC (Fig 3a) in soils and may explain the 
grouping observed in the PCA (e.g., TOC is correlated to total FA [r = 0.60, p < 0.001 ], 
LCFA [r = 0.83, p < 0.001], plant sterols [r = 0.064, p < 0.001 ], and 28 [r = 0.77, p <
0.001 ]). An examination of the relationship of the percent of several biomarkers reveals 
some deviations from the inverse relationship between the degree of soil modification 
from human land-use and contribution from select biomarkers. For example, diacids in 
the urban soils significantly higher that diacids concentrations from other soil samples (p 
< 0.01) (Figure 3-3e), which may indicate a source of diacids (e.g., higher density of 
roots resulting from landscaping; Mueller et al. 2012) in areas near roadways and urban 
centers.
Brassicasterol was unexpectedly high in subsurface and mining soils (Figure 3-3b), and 
may reflect the abundance of the invasive weeds from the Brassicaceae family that 
would take advantage of the vegetation-free mine pits. Additionally, brassicasterol has 
been traced to fungal sources in soils (Weete et al. 1985), and the high concentrations of 
brassicasterol in subsurface soil samples may reflect fungal degradation in these samples. 
Further, high (Ad/Al)v in subsurface and mining soils (Figure 3-3f) and high 3,5-Bd:V 
ratios are consistent with the highly processed nature of the mining and subsurface soils 
(p < 0.05 for higher values of both (Ad/Al)v and 3,5-Bd:V in mining/subsurface soils 
than in agricultural/urban/forest soils). High 3,5-Bd:V indicate increased inputs from soil 
organic matter (Prahl et al. 1994, Houel et al. 2006), and high (Ad/Al)v indicate an 
increasing degree of degradation (Hedges et al. 1988, Goni et al. 1993, Opsahl and 
Benner 1995). The combination of high (Ad/AI)v and 3,5-Bd:V in mining and
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subsurface soils emphasizes that hydraulic mining impacts soil OM to the same extent as 
biodegradation processes during soil formation (subsurface soils).
Deviations from data trends. While most of the samples from this study follow the trends 
described above, there are deviations that reveal insights into some of the processes 
governing the organic carbon signatures in the upper Yuba River watershed. For 
instance, evidence from multiple proxies and biomarkers, including C:Na, 613C, 615N, and 
sterols from freshwater plankton samples collected at site 3 in Englebright Lake indicate 
inputs from terrigenous and aquatic OM sources (Figure 3-5 and 6a, b). The location of 
site 3 in Englebright Lake, within 200 m of the confluence of the South Yuba River and 
Englebright Lake, explains why OM signatures from this site had a stronger terrigenous 
signature than other freshwater plankton signatures collected from the lake. Data from 
this site highlight the mixing that is occurring between suspended sediment load and 
aquatic primary production as the rivers enter the lake system.
Biomarker values from the mining and subsurface soils were usually more similar to each
other than the other soil signatures. The mining and subsurface soils provide examples of
sites in the upper Yuba River watershed that are more degraded than other samples
collected for this study, and therefore would have OM signatures that reflect recalcitrant
soil OM sources rather than the more labile vegetation and litter sources. For example,
the mining soils were pressure washed from mountain-sides and mixed in a slurry of
mercury to remove gold before being rinsed again and discarded (James 2005). The two
mining samples were highly processed, which was clear upon visual inspection as these
soils were bleached of color. Organic carbon content and biomarker signatures reflect
this hydraulic mine processing. Subsurface samples were collected to determine if the
major source of organic material to the Yuba River was from subsurface horizons as
stated by (O'Geen et al. 2010). These samples have undergone degradation from bacteria
and fungi, as well as oxidation and leaching as a result of soil horizon formation
(Quideau et al. 2001). These processes may be responsible for the observed similarities
between subsurface and mine tailing samples.
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Sterol signatures in soils from the organic farm were significantly different from other 
agricultural soils, and from soils collected throughout the watershed. This sample was 
the only soil sample that had measurable concentrations of 27-nor-24-methylcholesta-
5,22-dien-3P-ol in addition to corprostanol (5b-cholestan-3p-ol), 24-ethylcholestan-7-en- 
3{3-ol, and several stanol compounds. The detection of these sterols may reflect the 
fertilizer addition. These sterols suggest that organic fertilizer contained manure 
(corprostanol and cholesterol; Peng et al. 2005), and the increased contribution of stands 
as compared to other soils samples indicated a degree of sterol degradation (Nishimura 
1978), which may be the result of composting.
Conclusions
A combination of sterols, fatty acids, lignin phenols, and stable carbon and nitrogen 
isotopes distinguished signatures of terrestrial OM from aquatic OM signatures in a small 
watershed in northern California. Biomarker and stable isotope data from soil, 
vegetation, charcoal, and freshwater plankton samples provide unique identifiers to 
distinguish between aquatic and terrigenous OM sources.
1. Aquatic OM sources were dominated by sterols such as 27-nor-24- 
methylcholesta-5,22-dien-3|3-ol and cholesta-5,22-dien-3p-ol,and by 815N values
> 1. 2%o.
2. Higher plant OM sources were dominated by high concentrations of plant sterols 
(stigmasterol, campesterol, and sitosterol), long chain fatty acids, lignin phenols, 
and by the presence of diacids.
3. Fatty acid and lignin biomarkers show a range in soils, from “fresher” soils with 
inputs from vegetation or litter to highly processed soils with lower TOC content 
and microbial (bacterial and fungi) signatures. Additionally, trends in OM 
signatures in soils emphasize the impact of human disturbance in the watershed
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with an increasing degree of human modification resulting in lower OM 
signatures.
A multi-proxy approach to identify OM sources from samples collected in the upper 
Yuba River watershed in the Sierra Nevada Mountain Range describe processes 
impacting OM signatures throughout the watershed. This research identifies several lipid 
biomarkers in plankton and soil that provide specific information about the organisms 
contributing to aquatic and terrigenous OM signatures in this system, but many 
biomarker signatures that have been described as purely marine or terrestrial in estuarine 
and coastal research are detected across aquatic and terrigenous samples measured here. 
While this study emphasizes gaps in our knowledge of biomarker composition of 
terrestrial OM resulting from marine- and soil-centric research, it also highlights an 
opportunity to combine knowledge and research strategies from marine and soil 
geochemistry to explore biomarkers from an ecosystem-wide perspective.
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Figure 3-1. Map of sample locations in the upper Yuba River watershed.
This map shows the land cover (GLC 2000 from the Joint Research Centre of the 
European Commission) and sample locations in the upper Yuba River watershed in 
northern California, and includes the North, Middle, and South Yuba rivers and 
Englebright Lake. Colored triangles identify the location of 37 end-member samples 
collected throughout the watershed to characterize the organic matter signatures in this 
system. Triangles plotted on top of each other indicate a sampling location where 
multiple samples were collected. The inset shows all of the samples collected on and 
near Englebright Lake.
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Figure 3-2. Organic carbon proxy values for each end member sample type.
Boxplots showing total organic carbon (a), total nitrogen (b), stable carbon isotope values 
(c), and stable nitrogen isotope values (d). These data highlight some of the differences 
between aquatic, soil, charcoal, and plant OM sources.
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Figure 3-3. TOC, TN, and biomarkers for soil end member samples.
Boxplots showing OC proxies and biomarker signatures for soils collected from the upper 
Yuba River watershed. Several of the variables show a trend with level of anthropogenic 
impact going from most impacted (mining) to least impacted (forest). %TOC (a), %TN 
(b), brassicasterol (c), diacids (d), A8 (e), and (Ad/Al)v (f) are shows to highlight some of 
the variations between these soil OM signatures.
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Figure 3-4. C:N, for groups of end member samples and types of soil samples.
Boxplots showing differences in C:Na between OM sources (a) and between soil types 
(b).
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Figure 3-5. Bi-plots of stable carbon and nitrogen isotopes and TOC and TN.
Biplots of stable carbon and nitrogen isotopes (a) and of TOC and TN (b) provide a 
visualization of the different signatures of soil, plant, and aquatic organic matter sources. 
The three boxes represent the mean ± standard deviation for aquatic, soil, and plant OM. 
There is evidence of overlap between the isotope values for these sources, emphasizing 
the amount of variation within these groupings and suggesting the need for additional 
proxy data to clearly define the aquatic, soil, and plant samples.
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Figure 3-6. End member results from Principle Components Analysis.
These plots show the scores (panels a and c) and loadings (panels b and d) for two 
Principal Components Analyses that were run to evaluate the source of variability in OM 
samples collected from the upper Yuba River watershed. Plots of the scores highlight 
differences between aquatic (blue), plant (green), soil (purple) and charcoal (black) OM 
sources. PCA 1 (panels a and b) analyzed differences between aquatic and terrigenous 
OM sources using fatty acid, sterol, and alcohol biomarkers. PCA 2 focused exclusively 
on terrigenous OM sources and included both lipid and lignin biomarkers.
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Table 3-1. Description of end member samples.
Description of samples collected from upper Yuba River watershed. The IDs are 
assigned based on the type of OM source represented by each sample collected from the 
North Yuba River (NYR), Middle Yuba River (MYR), South Yuba River (SYR), and 
Englebright Lake. In these samples MS = mining soils, US = urban soils, FS = forest 
soils, SS = subsurface soils, AS = agricultural soils, CC = charcoal, V = vegetation, PL = 
plankton, POM = particulate matter collected from lake water, and ALG = algal biofilm. 
The Munsell Soil Color is reported in parentheses in the description for all soil samples
ID Type Latitude Longitude Description
MSI Soil 39° 22' 13"N 120° 59' 50"W Mining soil, North Columbia Mine (10YR 7/2)
MS2 Soil 39° 22' 00"N 120° 55' 32"W Mining soil, Malakoff Diggins SH P (25Y  7/2)
US1 Soil 39° 22' 11"N 121° 06' 17"W Urban soil, North San Juan (25Y  4/4) 
Urban soil, HWY 80 construction Site (2.5Y
US2 Soil 39° 19’ 13"N 120° 33' 54" W 3/3)
US3 Soil 39° 20’ 03"N 120° 24' 12"W Urban soil,Donner Summit PUDb (2.5Y 3/3)
US4 Soil 39° 33’ 57"N 120° 38' 09"W Urban soil, Sierra City (2.5Y 5/3)
US5 Soil 39° 33' 36"N 120° 49'43 "W Urban soil, Downieville (25Y  6/3)
FS1 Soil 39° 24' 28 "N 120° 58' 11"W Forest soil, MYR watershed (7.5Y 3/3)
FS2 Soil 39° 22’ 24" N 120° 46' 18”W Forest soil, SYR watershed (2.5Y 6/2)
FS3 Soil 39° 23' 55"N 121° 07' 57"W Forest soil, NYR watershed (7.5YR 5/6)
SSI Soil 39° 14' 36"N 121° 15' 19"W Subsurface soil, roadside outcrop (10YR 5/6)
SS2 Soil 39° 23’ 50”N 121° 08' 00”W Subsurface soil, lakeside outcrop (10YR 5/6)
AS1 Soil 39° 14' 53"N 121° 16' 32"W Agricultural soil, rangeland (7.5YR4/4)
AS2 Soil 39° 22' 17"N 121° 04' 22"W Agricultural soil, organic farm (7.5YR 4/3)
AS3 Soil 39° 20' 21"N 121° 03' 25"W Agricultural soil, vineyard (10YR4/4)
AS4 Soil 39° 20' 20"N 121° 03' 19"W Agricultural soil, vineyard (10YR 4/3)
CC1 Charcoal 39° 23' 55"N 121° 07' 57" W Litter, natural forest fire site
CC2 Charcoal 39° 14' 56"N 121° 17' 11"W Litter, natural controlled fire site
VI Vegetation 39° 14' 53"N 121° 16' 32"W Trifolium hirtum (Rose Clover)
V2 Vegetation 39° 14' 53"N 121° 16' 32"W Linum bienne (Narrow Leaf Flax)
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V3 Vegetation 39° 14' 53"N 121° 16' 32"W Bromus secalinus (Chess Brome)
V4 Vegetation 39° 22' 24" N 120° 46' 18"W Pseudotsuga menziesii (Douglas Fir)
V5 Vegetation 39° 22’ 24"N 120° 46’ 18"W Pinus lambertiana (Sugar Pine), fresh needles
V6 Vegetation 39° 22' 24" N 120° 46’ 18"W Pinus lambertiana (Sugar Pine), needle litter
V7 Vegetation 39° 23' 55"N 121° 07' 57" W Pteridium aquilinum (Western Bracken Fern)
V8 Vegetation 39° 23' 55"N 121° 07’ 57" W Quercus chrysolepis (Canyon Oak)
V9 Vegetation 39° 23' 55"N 121° 07’ 57"W Mixed bark samples
V10 Vegetation 39° 14' 28"N 121° 15' 51"W Leskeella nervosa (Leskeella moss)
V l l Vegetation 39° 14' 28"N 121° 15' 51"W Scutellaria galerculuta (Marsh Skullcap)
V12 Vegetation 39° 14' 28"N 121° 15' 51"W Juncus effusus (Common Rush)
PL1 Aquatic 39° 14’ 28"N 121° 15' 52"W Plankton, 26 ft vertical tow in Englebright Lake
PL2 Aquatic 39° 16’ 33 "N 121° 13' 20" W Plankton, 26 ft vertical tow in Englebright Lake
PL3 Aquatic 39° 17' 39"N 121° 12' 40" W Plankton, 30 s tow in 1.9 m3 s'1 current
POM I Aquatic 39° 14' 28"N 121° 15' 52"W POM filtered through 0.7 pm filter
POM2 Aquatic 39° 16' 33"N 121° 15' 40"W POM filtered through 0.7 pm filter
POM3 Aquatic 39° 17' 39"N 121° 12' 40" W POM filtered through 0.7 pm filter
ALG Aquatic 39° 14' 26" N 121° 16' 02" W Algae biofilm scraped from dock
a: State Historic Park, b: Public Utility District
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Table 3-2. List of proxy data for end member samples.
TOC, TN, C:Na and stable isotope values for soil, vegetation and aquatic samples 
collected from the upper Yuba River watershed. Samples for which values were below 
detection are noted as not detected (n.d.). The mean and standard deviation are reported 
for soil, char, vegetation, and aquatic sample groups.
ID TOC (%) TN (%) C:Na &13C Toc 6 15N Tn
MSI 0.36 0.01 27.87 -26.81 -3.94
MS2 0.45 0.03 17.38 -27.71 -3.84
US1 4.63 0.39 11.79 -27.57 1.57
US2 1.12 0.03 32.29 -28.54 n.d.
US3 1.17 0.03 35.85 -24.36 -1.44
US4 3.55 0.18 20.25 -23.42 -0.57
US5 1.82 0.12 15.20 -24.71 -2.80
FS1 5.78 0.20 28.42 -25.09 -5.80
FS2 16.05 0.48 33.78 -29.59 -5.75
FS3 9.29 0.34 27.01 -28.05 -4.73
SSI 0.27 0.02 13.50 -32.94 -1.44
SS2 0.61 0.03 20.17 -28.49 -2.57
AS1 4.33 0.35 12.42 -29.41 -7.30
AS2 5.45 0.50 10.80 -26.94 -0.82
AS3 5.61 0.43 12.99 -29.18 -5.43
AS4 5.00 0.36 14.01 -28.94 -2.59
Soil 4.09 ±4.12 0.22 ±0.18 21.49 ±9.10 -27.61 ±2.39 -3.16 ±2.40
CC1 31.15 1.09 28.56 -27.18 -7.16
CC2 29.61 0.86 34.43 -31.60 -2.76
Charcoal 30.38 ± 1.09 0.98 ±0.16 30.54 ±3.59 -29.39 ±3.12 -4.96 ±3.11
VI 41.89 0.74 56.58 -29.21 -7.44
V2 44.37 0.61 72.53 -29.08 -7.10
93
V3 39.80 0.51 77.86 -30.29 -9.22
V4 46.69 0.94 49.77 -28.94 -9.69
V5 46.31 0.58 79.68 -26.15 -9.77
V6 46.96 1.01 46.51 -27.90 -10.62
V7 43.75 2.16 20.28 -28.79 -5.06
V8 46.33 1.44 32.19 -28.33 -8.25
V9 46.07 0.57 81.51 -27.31 -10.41
V10 41.15 1.03 39.95 -28.59 -4.64
V ll 38.02 0.91 41.78 -30.54 1.09
V12 43.57 1.00 43.78 -27.82 0.77
Vegetation 43.74 ±2.96 0.96 ± 0.46 55.73 ±21.19 -28.58 ± 1.21 -6.69 ± 4.05
PL1 37.73 6.25 6.04 -33.72 3.48
PL2 32.46 5.84 5.56 -33.33 2.58
PL3 10.37 0.78 13.38 -27.71 -1.62
POM1 n.d. n.d. n.d. n.d. n.d.
POM2 0.18a 0.02a 9.88 -31.63 1.13
POM3 0.16a 0.02a 7.96 -32.31 1.26
ALG n.d. n.d. n.d. n.d. -1.29
Aquatic 26.85 ± 14.52 4.29 ±3.05 8.50 ±3.40 -31.74 ±2.39 0.92 ± 2.04
a: TOC and TN for POM samples are reported in mg L and are not included in the calculation 
of mean aquatic TOC and TN
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Table 3-3. Fatty acids biomarker concentrations for end member samples.
Fatty Acid (FA) data for samples collected from the upper Yuba River watershed. Long 
chain FA (LCFA), short chain FA (SCFA), polyunsaturated C16, C18, and C20+C22 FA, 
branched FA (BrFA) and diacids are reported as percent (%) of the total FA. Total FA 
are reported in pg g 1.
ID LCFA SCFA
Polyunsaturated FA 
C16 C18 C20+C22
BrFA Diacids Total FA 
(Pg g ‘)
Soil
MSI 11.6 47.3 0.0 5.5 0.0 0.6 2.0 25.8
MS2 17.4 25.6 0.0 14.2 2.0 3.8 0.5 19.2
US1 27.7 19.4 0.0 2.5 0.0 3.9 17.5 100.8
US2 2.8 31.5 0.0 0.0 0.0 0.0 5.6 57.0
US3 7.7 11.5 0.0 1.9 15.3 0.0 16.9 59.2
US4 11.2 165 0.0 26.4 0.0 0.0 10.6 134.0
US5 26.6 12.3 0.0 8.9 0.7 2.8 0.0 47.3
FS1 15.3 46.7 0.0 4.3 0.0 2.0 0.4 205.9
FS2 27.3 30.3 0.0 5.4 0.0 1.1 1.6 319.4
FS3 29.5 25.7 0.0 3.1 0.0 2.7 2.8 189.6
SSI 9.3 31.7 0.0 7.8 0.5 1.5 2.0 15.8
SS2 6.5 19.6 0.0 20.5 2.4 1.2 1.1 54.2
AS1 12.3 23.9 0.0 6.9 1.3 2.4 0.6 162.7
AS2 22.5 20.4 0.0 9.7 0.0 4.1 3.9 64.2
AS3 35.4 16.8 0.0 4.4 0.3 1.8 0.5 325.2
AS4 18.8 21.7 0.0 10.5 1.5 3.2 0.5 130.8
Charcoal
CC1 30.2 19.5 0.0 4.9 0.0 1.9 7.2 929.7
CC2 8.5 33.9 0.0 21.7 0.2 1.3 0.3 1011.5
Vegetation
VI 15.5 38.1 0.0 20.4 0.0 0.0 1.1 1244.2
V2 11.3 40.2 0.0 12.1 0.8 0.0 0.8 2604.8
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V3 15.3 28.1 0.0 19.5 0.0 0.0 1.9 1550.4
V4 10.5 19.0 0.0 29.3 1.7 6.1 8.4 2951.3
V5 10.7 31.8 0.0 13.8 0.0 1.1 6.3 1861.7
V6 4.6 37.2 0.0 29.7 0.3 1.3 0.2 4504.6
V7 8.1 41.4 0.0 21.6 2.3 0.4 0.0 3060.9
V8 20.1 29.0 0.0 24.7 0.0 0.0 4.9 1923.1
V9 39.8 9.0 0.0 7.4 0.6 2.1 8.1 808.7
V10 4.4 17.0 0.0 45.0 13.3 0.9 2.6 1820.8
V ll 6.7 35.9 0.0 37.7 0.0 0.0 0.0 1745.1
V12 3.2 29.8 0.0 44.2 0.0 0.0 0.0 3125.1
uatic
PL1 15.5 57.2 0.0 2.1 0.3 2.9 0.0 8422.9
PL2 11.3 59.0 0.0 3.4 0.5 2.8 0.0 8185.4
PL3 15.3 68.1 0.0 1.2 0.2 1.4 0.0 2470.7
POM1 10.5 50.9 0.0 18.4 2.2 1.0 0.0 12.4a
POM2 10.7 34.9 0.0 31.4 0.0 1.8 0.0 10.5a
POM 3 4.6 58.5 0.0 3.5 0.0 1.5 0.0 6.8a
ALG 8.1 43.8 1.9 16.0 3.0 1.8 0.0 1477.5
a: TOC and TN for POM samples are reported in pg L 1
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Table 3-4. Sterol biomarker concentrations for end member samples.
Sterol data for samples collected from the upper Yuba River watershed are presented as a 
percent (%) of the total sterol concentration. Aquatic sterols include 27-nor- 
methylcholesta-5,22-dien-3P-ol and cholesta-5,22-dien-3|3-ol, and plant sterols are the 
sum of campesterol, stigmasterol, and P-sitosterol. Total sterol concentrations are 
reported in pg g '.
ID AquaticSterols Brassicasterol Cholesterol
Total
Plant Sterols Sterols 
_____________ (PR 8 1)
Soil
MSI
MS2
US1
US2
US3
US4
US5
FS1
FS2
FS3
551
552 
AS1 
AS2 
AS3 
AS4
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.2
0.0
0.0
9.0
8.3
2.4 
0.0 
0.0
3.2 
2.6 
6.8
3.3
5.5
5.8 
11.7
2.1 
0.1
3.9
3.6
1.8
3.0
5.8 
0.0 
0.0 
2.2
6.1
3.2
1.3 
1.2
5.2 
1 . 1
3.0
5.0
2.3
4.8
79.4
88.7
91.8 
0.0
100.0
90.6 
91.3
90.0
94.1
91.0
89.0
87.2
94.9
69.0 
93.8
91.6
1.8
2.1
50.6 
0.0 
1.0
16.7 
7.8
13.1
63.4
46.2 
0.4
87.2
19.0
21.1
29.5
21.2
Charcoal
CC1
CC2
0.0
0.0
3.2
2.1
0.0
1.0
88.1
96.9
125.6
62.4
Vegetation
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V 1 0.0 0.0
V2 0.0 0.0
V3 0.0 0.0
V4 0.0 0.0
V5 0.0 2.8
V6 0.0 0.0
V7 0.0 0.0
V8 0.0 0.0
V9 0.2 2.5
V10 0.0 1.2
V I1 0.0 0.0
V12 0.0 0.0
Aquatic
PL1 2.3 5.7
PL2 4.1 1.3
PL3 1.5 2.9
POM1 6.6 9.4
POM2 5.8 20.0
POM3 5.9 8.3
ALG 1.4 8.4
0.0 100.0 248.4
2.3 97.7 441.8
0.0 88.6 370.2
0.0 100.0 1171.0
0.0 97.2 1413.2
0.0 100.0 696.6
2.2 97.8 681.8
0.0 100.0 5416.4
0.3 89.3 496.6
0.3 98.5 743.1
0.3 99.7 368.1
0.8 96.4 704.9
75.5 16.5 520.3
84.6 9.7 1164.9
32.4 63.2 52.2
18.3 65.7 1.0
16.6 57.6 0.7
19.7 66.1 0.8
25.2 65.1 37.1
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Table 3-5. Lignin biomarker values for end member samples.
Lignin data for soil, vegetation and charcoal samples collected from the upper Yuba 
River watershed. The sum of 8 lignin phenols (S8) are reported in mg g ', and the carbon 
normalized lignin concentrations (A8) are reported in mg goc '• Ratios of lignin phenols, 
including C/V, S/V, (Ad/Al)v, and 3,5-Bd:V are also presented here. Samples for which 
lignin values are not available are noted as n.a. The mean and standard deviation are 
reported for soil, char, vegetation, and aquatic sample groups.
ID Z8 A8 C/V S/V (Ad/Al)v 33-Bd:V
Soil
MSI 0.02 0.52 0.70 0.24 0.49 0.20
MS2 0.04 0.95 0.14 0.22 0.51 0.07
US1 1.16 2.51 1.09 1.04 0.37 0.06
US2 0.03 0.26 0.14 0.25 0.81 0.19
US3 0.09 0.79 0.17 0.24 0.43 0.06
US4 0.48 1.35 0.56 0.28 0.31 0.05
US5 0.43 2.34 0.39 0.48 0.44 0.02
FS1 2.22 3.85 0.13 0.14 0.39 0.03
FS2 5.07 3.16 0.26 0.15 0.33 0.06
FS3 2.51 2.70 0.15 0.18 0.32 0.06
SSI 0.01 0.49 1.09 0.43 0.68 0.13
SS2 0.01 0.20 0.73 0.02 1.05 0.10
AS1 0.71 1.65 0.83 0.34 0.41 0.08
AS2 1.06 1.94 0.56 0.18 0.43 0.04
AS3 1.38 2.46 1.05 0.43 0.36 0.07
AS4 0.78 1.57 0.64 0.36 0.45 0.07
Charcoal
CC1 7.96 2.55 0.11 0.16 0.42 0.06
CC2 2.93 0.99 1.16 0.38 0.69 0.08
Vegetation
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VI
V2
V3
V4
V5
V6
V7
V8
V9
V10
Vll
V12
Aquatic
PL1
PL2
PL3
POM1
POM2
POM3
ALG
14.90 
34.13 
43.95
5.90 
17.29 
17.78 
11.82 
18.04 
40.36 
0.76 
43.31 
32.93
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
3.56
7.69 
11.04 
1.26 
3.73 
3.79
2.70 
3.89 
8.76 
0.18 
11.39
7.56
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
1.78
0.90
1.62
0.07
0.01
0.01
0.00
1.12
4.04
0.45
5.62
1.98
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
0.19
0.08
1.43
0.56
0.18
0.31
0.73
0.31
0.10
0.74
0.58
4.78
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
0.17
0.14
0.13
0.24
0.28
0.18
0.20
0.20
0.23
0.58
0.14
0.20
n.a.
n.a,
n.a.
n.a.
n.a.
n.a.
n.a.
0.02
0.00
0.00
0.06
0.02
0.03
0.06
0.04
0.05
0.71
0.00
0.02
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
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CHAPTER 4: ORGANIC MATTER ACCUMULATION IN A GILBERT-TYPE 
DELTA: ENGLEBRIGHT LAKE, CALIFORNIA, USA
Pondell, C.R.
Canuel, EA
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Abstract
The global proliferation of dams has been one of the most significant anthropogenic 
impacts on the environment, and as a result, massive loads of sediment and nutrients are 
trapped in impoundments each year. Few studies, however, have examined the sediments 
trapped behind dams to understand patterns of organic carbon accumulation and the 
effects of watershed processes on carbon delivery. This study measured total organic 
carbon (TOC) and stable isotopes of carbon and nitrogen (6I3C and 6I5N) in Englebright 
Lake, CA to relate changes of organic carbon (OC) sources and TOC accumulation to 
natural (i.e., floods) and anthropogenic (i.e., mining and water management) impacts in 
the watershed and to depositional processes in the lake. Englebright Lake, characterized 
as a Gilbert-type delta (a wedge shaped delta comprised of topset, foreset and bottomsept 
deposits), is a representative system for impoundments in small, mountainous rivers, and 
anthropogenic disturbances (i.e., mining) in the watershed caused high sediment 
accumulation rates in the lake. 6I3C signatures indicated that more than 50% of OC in 
Englebright Lake was derived from terrigenous sources, and throughout the 60-year lake 
history, 0.35 Tg OC was trapped behind Englebright Dam. TOC in topset deposits was 
less than TOC in foreset and bottomset deposits (p < 0.001), and TOC accumulation 
associated with flood events was higher (up to 231 kg,*- m'2 y r 1) than TOC accumulation 
during non-event periods (0.2 to 39 k g ^  m'2 yr ’). OC burial and TOC accumulation rates 
in Englebright Lake were up to an order of magnitude higher than previous estimates of 
OC burial in impoundments, suggesting that as the level of anthropogenic modification 
(e.g., mining, agriculture, urbanization) intensifies, the potential for impoundments to 
trap terrestrial OC will continue to increase.
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Introduction
Human activities first began to alter sediment delivery to estuaries and coasts 
approximately 3000 years ago (Ruddiman 2003), but the magnitude of impact from 
human activities has intensified in the past 100-300 years (Lotze et al. 2006). Changes in 
land-use, including deforestation (Gomez 2004), agriculture (Restrepo and Syvitski 2006) 
and mining (Smith and Jol 1997) have increased sediment yields from rivers, while water 
management projects such as dam and levee construction have decreased riverine 
sediment yields (Wright and Schoellhamer 2004; McCamey-Castle et al. 2010). On 
average, human activities have decreased sediment fluxes from rivers to the ocean by 
more than 2500 Tg y r 1 within the past 70 years (Milliman and Farnsworth 2011), with an 
estimated 100,000 Tg of sediment trapped in man-made impoundments (Syvitski et al. 
2005). Since the 1920s, the era of dam building has reduced sediment transport in a 
majority of the world’s rivers by at least 20% and in some extreme cases, including the 
Colorado, Yellow, Krishna, Indus, Nile, and Rio Grande rivers, dams have reduced the 
sediment load by 90 to 100% (Walling 2006; Milliman and Farnsworth 2011; Syvitski 
and Kettner 2011).
The construction of dams has had a major impact not only on sediment loads and fluxes 
over the last century, but also on the biogeochemical cycling and transfer of nutrients and 
organic matter between terrestrial and marine systems (Ludwig et al. 2009, Sanchez- 
Vidal et al. 2013). Reservoirs and lakes are responsible for a majority of the terrestrial 
carbon sequestration in terrestrial systems (Smith et al. 2001; Stallard 2012), and 
represent a significant global sedimentary-carbon sink. Annual carbon burial in eutrophic 
impoundments are estimated at 200 Tg OC y r 1 (Mulholland and El wood 1982; Dean and 
Gorham 1998), which is similar to the estimated amount of organic carbon buried 
annually in the world’s oceans (Downing et al. 2008). This implies that total carbon 
burial in impoundments may be twice as high as carbon sequestration in marine 
sediments (Dean and Gorham 1998), highlighting the impact of man-made reservoirs on 
the transport of sediment and associated materials to both terrestrial systems and the 
coastal ocean.
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While the socio-economic benefits of dams are numerous, the sediment trapping 
efficiency of dams is mainly viewed as a negative environmental impact (Kondolf 1997; 
Bergkamp et al. 2000; Kingsford 2001; Crossland et al. 2005). However, human 
environmental impacts offer opportunities to explore ecosystem processes using new 
chemical tracers, such as synthetic compounds or radionuclides, or to use new study 
systems to examine natural responses to large-scale forcings (Charlesworth and Lees 
1999; Wolf et al. 2012). Impoundments, for example, provide high-resolution records of 
organic matter and sediment accumulation over the past century in relatively well- 
monitored regions.
Documenting organic carbon accumulation patterns in delta systems also provides an 
opportunity to better delineate fluvial and biogeochemical systems, and impoundments 
offer an ideal location for high-resolution investigations of the development of Gilbert- 
type deltas within a well-constrained basin and time frame. Gilbert-type deltas (Gilbert 
1890) are defined according to depositional regimes that are based on sediment 
accumulation patterns and redistribution processes (Hansen 2004; Rojas and Le Roux 
2010). Topset deposition is characterized by gently sloping, coarse-grain sediment 
horizons, and is typically found in the region of the delta closest to the river influence. 
Foreset deposits are steeply sloping (~34°) laminations of fine sediments interrupted by 
layers of coarse material, and are found at the prograding delta front. Bottomset deposits 
are found in regions with low energy and are identified by horizontal laminations of fine 
silt and clay. This clinoform depositional pattern has been recognized in modem and 
ancient lakes (i.e., Smith and Jol 1997; Rojas and Le Roux 2010) and marine deltas 
worldwide (Kuehl et al. 1997; Falk and Dorsey 1998; Malartre et al. 2004). This study 
examined organic carbon burial in a representative impoundment in northern California 
over a 60 year time period to evaluate the amount and sources of organic carbon being 
trapped, and to investigate the relationship between organic carbon accumulation and the 
three depositional regimes associated with Gilbert-type deltas.
Study Site
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Dam have been built extensively throughout California to prevent flooding, confine mine 
tailings from the historic Gold Rush, for hydroelectric power and recreation, and to divert 
water for agricultural needs (Mount 1995). Approximately 1600 dams have been installed 
along the waterways of Californian rivers (www.damsafety.org), creating a highly 
managed network of water flow throughout the state. The Sacramento-San Joaquin River 
Delta drains 67% of California, and over 200 large dams, including three of the largest 
dams (Shasta, Oroville and Folsom) control the flow to the Sacramento-San Joaquin 
River Delta.
Englebright Lake, which lies behind the Englebright Dam, is an impoundment on the 
Yuba River in northern California (Figure 4-1) and its sediments provide a record of 
changes to its watershed over the past ~60 years (Table 4-1). The Yuba River is a 
tributary of the Feather River, which flows into the Sacramento River and eventually to 
northern San Francisco Bay. The Yuba River has three tributaries that drain a 3468 km2 
area of the Sierra Nevada mountain range and that converge just upstream of Englebright 
Lake (Figure 4-1). Englebright Dam was built in 1940 to trap mine tailings from 
hydraulic gold mining in the late 19th century (James 2005). Currently, Englebright Dam 
and its impoundment provide a minor source of hydroelectric power and recreation to the 
surrounding community.
Previous Work in Englebright Lake. In 2001 the U.S. Geological Survey (USGS) 
conducted studies in Englebright Lake to determine the feasibility of removing the dam 
in order to increase spawning areas for anadromous salmon populations. This 
investigation included a bathymetric survey, which concluded that 21.9 million cubic 
meters of sediment had accumulated in Englebright Lake during its 60 year history, 
decreasing the storage capacity of Englebright Lake by 255%  (Childs et al. 2003). An 
extensive coring campaign in 2002 obtained cores that were subsequently analyzed for 
sediment grain size and organic content by loss on ignition (LOI) (Snyder et al. 2004a), 
trace metal and mercury content (Alpers et al. 2006), and radioisotopic (I37Cs and 210Pb) 
sediment dating (Snyder et al. 2006) to characterize the sediments that accumulated after 
the construction of the dam. Additionally, conceptual models of sediment accumulation
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were constructed using these data and hydrologic records from the system to describe the 
depositional history (Snyder et al. 2006).
Methods
Sample Collection and Analysis
As a part of the USGS investigation, six sediment cores were collected along the thalweg, 
or deepest channel, of Englebright Lake in 2002 (Figure 4-1). These cores were 
subsampled for the present study in 2009 to analyze organic carbon accumulation 
throughout the lake. Ten-centimeter-thick samples (equivalent to ~40 cm3 of sediment) 
were collected at 20-cm intervals from cores 1 and 4 and at 50-cm intervals from cores 6 
and 7. Twenty-centimeter samples (~60 cm3 of sediment) were collected from cores 8 
and 9 at 50-cm intervals owing to their coarser texture (Snyder et al. 2004a), thus 
requiring larger volumes for organic carbon analyses. This sampling strategy provided a 
1- to 5-year resolution of sediment accumulation based on sedimentation rates 
determined by Snyder et al (2006). After sediment cores from Englebright Lake were 
subsampled from the USGS sediment library in Menlo Park, CA, they were transferred to 
the Virginia Institute of Marine Science, stored in combusted glass vials at -80°C and 
freeze-dried prior to organic carbon analysis.
Total Nitrogen and Organic Carbon Analysis. Freeze-dried sediments were 
homogenized before analysis for total organic carbon (TOC) and total nitrogen (TN). 
Aliquots of 18 to 23 mg of sediment (30-100 mg for coarse grain sediments from cores 8 
and 9) were weighed into acetone rinsed 5x9 mm tin capsules. The samples were 
acidified (10% HC1) to remove inorganic carbon prior to analysis (Hedges and Stem 
1984) and then dried at 60°C overnight. They were crimped into small cubes and 
analyzed with a Carlo Erba Flash EA 1112 series Elemental Analyzer. Standards were 
run after every ten samples to verify the accuracy of the instrument; replicate analyses 
showed that variability between samples was generally less than 10%, although the 
variability was somewhat greater in samples with low organic content (< 0.1 %).
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Stable Carbon and Nitrogen Isotope Analyses. Samples for stable isotope analyses were 
prepared similarly to those analyzed for TOC and TN. Aliquots of sediment were 
weighed, acidified, and packaged for stable carbon and nitrogen isotope analyses (6I3C 
and 615N) using a Costech ECS 4010 CHNSO Analyzer (Costech Analytical 
Technologies, Inc.) connected to a Delta V Advantage Isotope Ratio Mass Spectrometer 
with the Conflo IV interface (Thermo Electron North America, LLC). Carbon and 
nitrogen stable isotope values are reported using the delta (6) notation defined relative to 
isotope ratios in standard reference material (PeeDee belemnite limestone for 6I3C and air 
for 51SN). Variability between samples was, on average, less than 10%.
Data Analysis
Sediment accumulation rates, determined using plutonium radioisotopic profiles (Pondell 
et al. in prep.), were used to calculate mass accumulation rates and to identify flood event 
layers in Englebright Lake sediments. Depth profiles of 239+240Pu were used to identify the 
1954 and 1963 horizons, and these horizons and their corresponding depths were used to 
calculate vertical sediment accumulation rates between 1940-1954,1954-1963 and 1963- 
2002. A combination of the dating profile provided by plutonium radioisotope 
concentrations, %TOC profiles for each core, and records of historic events in the 
watershed (Table 4-1) were used to identify flood layers corresponding to the 1964 and 
1997 floods in core 4 and to the 1964 flood in core 7. Additionally, event layers in core 4 
were characterized by relatively coarse grain sediments (>150pm), while thick organic 
deposits dominated the 1964 event horizon in core 7 (Snyder et al. 2004a). Event layers 
identified in this study agreed well with those identified by the previous USGS study 
(Snyder et al. 2006).
Rates of mass accumulation of organic carbon in Englebright Lake were calculated using 
TOC content, dry bulk density data from Snyder et al. (2004), and sediment accumulation
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rates determined with 239+240pu profiles from Pondell et al. (in prep.). Mass accumulation 
rates (MAR) were then multiplied by the TOC content to determine mass accumulation 
rates for TOC (MARqc). Accumulation was calculated for each of the six regions of the 
lake by multiplying MARqc by the area of the lake represented by each core (Table 4-2). 
Total carbon burial in Englebright Lake since 1940 was then calculated as the sum of 
carbon buried these six regions. Mass accumulation of TN was calculated similarly using 
%TN rather than %TOC. MARTN was not calculated for cores 8 and 9 because only 40% 
of the samples had reliable measurements of TN (> 15pg).
Stable carbon and nitrogen isotope values from multiple aquatic and terrigenous organic 
matter sources were used in a 3-end-member mixing model to proportion contributions of 
these sources to sediments in Englebright Lake. End-member values of soils and C3 
plants from terrigenous sources (Source 1) and freshwater plankton, particulate organic 
matter, and algae from aquatic sources in Englebright Lake (Source 2) had values
of -28.5 ± 0.9%c and -31.7 ± 2.4%o, respectively (Pondell and Canuel in prep.). Published 
6'3CTOc values for benthic diatoms and freshwater seston were used to represent Source 3 
(613Cjoc = -21.0 ± 5.3%c and 6 15N tn = 0.9 ± 2.0%o; Cloem et al. 2002) because the 
sediment stable isotope values were not captured entirely by a survey of end-members 
from the watershed (Pondell and Canuel in prep.). The minimum and maximum possible 
contributions (minmax solutions) from each of these three sources were calculated using 
the following equations from Fry (2006).
fi + f2 +  h  =  1 and 
5 \f\  + T = SS * 1
f ,,f2, and/, refer to the fraction of organic matter contributed from Source 1, Source 2 
and Source 3, respectively, and these fractions are multiplied by the mean 613C or 615N 
values from each source to estimate the 6I3C or 6,5N values of the samples (6S). These 
equations were applied to mean 6I3C and 6I5N values (6S in equation above) for each of 
the sediment cores. The end-member mixing model was not applied to mean 6I5N for
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cores 8 and 9 because the average isotope values for these cores was likely not 
representative of the total core because less than 40% of these samples had reliable 6ISN 
values (>15 N).
Data were analyzed using R-Studio version 0.97.332, and TOC, MARqc, and mean grain 
size data (Snyder et al. 2004) were log-transformed prior to statistical analyses to meet 
the assumption of normal distribution for the linear regression and t-test analyses.
Results
Sediment characteristics, including grain size and TOC content, varied widely over both 
spatial and temporal scales in Englebright Lake. Grain size was highest in topset deposits 
(sand and gravel), lowest in bottomset deposits (silt and clay) and was dominated by 
sands in the foreset deposits (Table 4-2) (Snyder et al. 2004a). Sediment TOC was 
inversely related to mean grain size (R2 = 0.32, p < 0.001), and this relationship was 
driven by differences in grain size between depositional regimes (Table 4-2). TOC 
content ranged from 0.03 to 30.24% of dry weight, and differed across depositional 
regimes (Figures 4-2 and 4-3). TOC in bottomset (1.15 ± 0.77 %) and foreset deposits 
(0.89 ± 0.98 %) was higher (p < 0.001 for both analyses) than TOC in topset deposits 
(0.18% ± 0.24%), but there was no statistical difference between TOC in bottomset and 
foreset deposits (Figure 4-2a). Flood events (Table 4-1) also had a significant impact on 
TOC in sediments in Englebright Lake, and in all cores, sediments associated with flood 
events had higher TOC than sediments accumulating during non-flood event periods (p s  
0.008 for all cores). Additionally, there was a trend of increasing %TOC over time in 
core 4 (R2 = 0.66, p = 0.04); however, temporal trends in %TOC content were not 
detected in the other cores (Figure 4-3).
Across the six cores, 613C values ranged between -28%o and -22%c and 6I5N values 
ranged between -4%c and 4%e. Stable isotope values were relatively constant across 
depositional regimes, although average 6BC was significantly higher in foreset deposits
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than bottomset deposits (p = 0.006; Figure 4-2c and 2d and Figure 4-4a). There was an 
inverse relationship between depth and 613C in cores 4 and 1 (R2 = 0.52 and 0.42, p = 
0.001 and 0.002, respectively; Figure 4-5). Even though there was a general trend in S13C 
and 515N suggesting that TOC and TN sources shift toward more soil and plant inputs 
during flood events, these trends were not statistically significant (Figure 4-6). As a 
result, the 3-end-member mixing model was applied to the mean stable isotope values 
from each core. The isotope mixing model using carbon isotopes indicated a dominance 
of terrigenous OC sources (> 54%) (Table 4-3), except for core 9 where terrigenous OC 
contributed as little as 33% of total OC. In contrast, nitrogen isotope data showed that 
aquatic sources were the dominant (>62%) source of nitrogen in all sediment cores from 
Englebright Lake, except for core 6 where aquatic inputs were as low as 16% (Table 4-3).
Calculated TOC mass accumulation rates provided estimates for the burial of carbon in 
Englebright Lake. TOC accumulation rates ranged from 0.66 k g ^  m'2 y r 1 for core 1 
during non-event accumulation to 231 kgoc m 2 y r 1 for event accumulation in core 7 
(Table 4-2). On average, accumulation of OC was highest in the foreset region (core 7) 
and lowest in the topset region (cores 8 and 9) (Figures 4-2b and 4-4). Average TOC 
accumulation rates in Englebright Lake since 1940 were 4.5 kgoc m 2 yr'1, and TOC 
accumulation was 10- to 20-times greater than TN accumulation rates (Table 4-2). TOC 
accumulation resulted in the burial of 0.35 Tg of OC in this impoundment since 
construction of Englebright Dam in 1940. The accumulation of terrestrial OC (OC,-), 
determined using the terrestrial fraction calculated from the isotope mixing model, was at 
least 5 Mg OC, in zone 9 (the area of the lake represented by core 9) and 106 Mg OCj in 
zone 4, and between 1940 and 2002 a minimum of 0.23 Tg of OC was sequestered in 
Englebright Lake.
Discussion
Spatial Trends in Organic Matter Accumulation defined by Depositional Regime
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The correlation between organic matter accumulation and grain size in Englebright Lake 
sediments dictates the connection between sediment depositional patterns and organic 
mater distribution throughout the lake. The inverse relationship between mean sediment 
grain size and TOC in Englebright Lake (R2 = 0.32, p < 0.001) is consistent with previous 
studies showing that a portion of the organic matter associated with sediments is sorbed 
to mineral grains and fine-grained sediments tend to have higher proportions of organic 
matter associated with them due to their higher surface area (Keil et al. 1994; Mayer 
1994). However, this relationship only applies to Englebright Lake sediments deposited 
during normal, non-event periods because event horizons, especially in core 7, are 
characterized by large pieces of organic matter, such as bark and leaves, as well as 
sediment-associated organic matter.
Organic matter content in the upstream reaches of Englebright Lake, where topset 
deposits dominate, is lower than in any other depositional setting in the reservoir (p < 
0.01). Topset deposits usually accumulate where a moving body of water enters a 
stagnant water body, such as a lake or estuary (Gilbert 1890). At these locations the 
energy of the system suddenly decreases, and the coarsest particles fall out of suspension 
or bedload and accumulate. Additionally, these sediments are constantly reworked 
causing any fine sediment that does accumulate in the topset regions to be winnowed 
away (Wakeham and Canuel submitted, Rosenbloom et al. 2001) during periods of low 
river flow or lake surface drawdowns when these deposits are exposed (Snyder et al. 
2006). The locations of cores 8 and 9 typify these conditions, which explains the coarse 
sands and gravels, and subsequently, the low (0.01% to 0.1%) TOC content observed 
within these deposits.
Bottomset deposition is the most common depositional regime in Englebright Lake, and 
has been identified in all six cores collected from Englebright Lake. Bottomset deposits 
characterize sediments of cores 1,6, and 4, and the bottom approximately seven meters 
of cores 7, 8 and 9 (Figure 4-4a). Bottomset deposits in cores 1 and 6 show stable 
accumulation of sediment and OM over time, and reflect a region of low energy due to 
the presence of the dam, which allows for the settling of fine-grained material from
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suspension. Without the presence of Englebright Dam, for instance, the energy from the 
river’s current would be too great to allow the suspended load to settle on the river bed, 
and this material, with its relatively high organic matter content, would be transported 
further downstream. Instead, sediments accumulating in cores 1 and 6 likely represent 
deposition of the suspended load of the Yuba River, and are characterized by fine grain 
sizes with relatively high OC (mean TOCa+C6 = 1.0 ± 0.5 % during non-event 
deposition).
Sediments in core 4 are generally defined as bottomset deposits; however, thick layers of 
coarse silt and sand associated with large events periodically interrupt the accumulation 
of silt and clay in core 4. These event horizons are characteristic of the highly dynamic 
nature of distal foreset accumulation typically observed downstream of the delta front 
(Snyder et al., 2006), and reflect the remobilization of foreset accumulation at the delta 
front during flood events. As a result, event layers recorded in core 4 have higher TOC 
due to the accumulation of large pieces of OM (i.e., bark and leaves) during flood events 
than sediments associated with non-event accumulation (p < 0.01), and contribute to the 
variability in the TOC content of bottomset deposits (Figure 4-2a).
The combination of high variability in both bottomset and foreset deposits associated 
with the impact of floods influences our ability to resolve differences in the TOC content 
of these two depositional regimes. In the foreset deposits at the delta front region of 
Englebright Lake, periods of normal, non-event accumulation are represented as silty 
deposits, closely resembling characteristics of bottomset deposits in cores 1 and 6 (mean 
TOCcl+C6 = 1.4% ± 0.9% and mean TOC^ = 0.9% ± 0.8%). However, sandy deposits 
interrupt periods of “normal” accumulation during flood events, and high TOC values (15 
to 32% TOC) coincide with these event horizons when large amounts of wood and leaf 
organic matter accumulate. These events result in higher TOC in the foreset deposits 
relative to bottomset and topset deposits (p < 0.001), with 17-fold increases between 
normal accumulation and event accumulation in core 7.
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The greatest response of TOC accumulation to flood events can be seen in the foreset and 
distal foreset deposits from cores 7 and 4, respectively (Figure 4-3) where TOC ranges 
from 6 to 10% in the 1964 and 1997 events in core 4, and TOC peaks at 31% in the 1964 
event in core 7. However, depth profiles of TOC clearly show the impact of events on 
TOC accumulation in all cores from Englebright Lake (Figure 4-3) with higher %TOC 
corresponding to periods of event accumulation (p < 0.001 for 1 ,4 ,7 , 8, and 9, and p = 
0.008 for core 6). The response of TOC to episodic floods is more evident than TOC 
response to long-term impacts such as mining or agriculture. However, the influence of 
anthropogenic activities is apparent in the overall high sediment accumulation rates; 
similar to other study systems, anthropogenic activities in the Englebright watershed have 
likely increased its vulnerability to erosion during flood events. In the Waipaoa River 
system in New Zealand, for example, deforestation practices have made the watershed 
more susceptible to erosion during climate and tectonic events (Goff 1997; Leithold et al. 
2013). Similarly, hydraulic mining in California likely altered sediment loads in the 
tributaries draining into the Sacramento River changing its response to events in the 
watershed (Schoellhamer et al. 2013). Therefore, the impact of human disturbance (i.e., 
hydraulic mining) in the Englebright Lake system may have increased the susceptibility 
of the watershed to high discharge events, resulting in transport of high amounts of 
organic matter during floods.
Evidence of the impact of hydraulic mining on the Englebright Lake watershed is 
apparent not only in high sediment accumulation rates and the response of sediment and 
TOC accumulation to floods, but also in a 10m thick layer of sediment found in the topset 
deposits that exhibits similar features to mine tailings found throughout the watershed. 
Coarse (sand and gravel), grey, OC-poor (0.01-0.1%) sediments define this mine tailing 
deposit between 5 and 15m depth in cores 9 and 8 (Figure 4-3), and are distinct from the 
finer (silt and sand) tan sediments with higher OC content (mean TOC ~ 1.5%) that 
characterize the other sediments in Englebright Lake. Additionally, concentrations of 
trace metals that are naturally found in placer mine tailings, including lead, arsenic, and 
antimony, are higher in this 10m thick sediment layer, and confirm the placer mine tailing 
origin of this sediment deposit in cores 8 and 9 (Ashley 2002; Alpers et al. 2006). The
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accumulation of this thick layer of mine tailings in Englebright Lake likely results from 
the mobilization of mine tailings from storage in upstream tributaries during the high 
discharge events of the early 1960’s. Declines in these tailings in more recently deposited 
sediments may indicate that the impact of hydraulic mining on the Englebright Lake 
watershed is decreasing as these sediments move out of the tributaries (Schoellhamer et 
al. 2013).
Sources o f Organic Matter to Englebright Lake
Stable isotope values were measured in sediments from Englebright Lake as a proxy for 
the sources of organic matter delivered to this system, and the values indicate a mixture 
of freshwater plankton, benthic diatoms and freshwater seston, and terrigenous soil and 
plant organic matter sources (Figure 4-6). Sources of OM to Englebright Lake, including 
freshwater plankton, soil, and plants, were characterized by samples of these sources 
collected throughout the lake and watershed (Pondell et al. in prep.), but these samples 
only represent a fraction of potential OM sources to Englebright Lake. Based on the 
distribution of isotopic signatures from Englebright Lake sediments and their relation to 
freshwater plankton and terrigenous OM sources (Figure 4-6), it appears that stable 
isotope signatures in the sediments are not completely described by these two end- 
members. This may be due to an incomplete sampling or potential sources, seasonal 
changes in OM sources to Englebright Lake, or changing OM sources over the 60-year 
history of the lake. Diagenesis is another process that alters stable isotope signatures over 
time and it tends to favor the preservation of lignin and lipids over carbohydrates and 
proteins, resulting in a 1-2%c shift toward more negative 6I3C values (Benner et al. 1987). 
Since all sediment 6I3C signatures in Englebright Lake are more positive than or equal to 
the OM sources identified from Englebright Lake and its watershed (FW plankton, soils 
and plants), diagenesis does not explain the 613C signatures in the lake sediments and 
suggests that our sampling of potential sources in Englebright Lake and its watershed did 
not characterize all possible OM sources. To address the missing OM source to 
Englebright Lake, a third end-member, benthic diatoms and freshwater seston, was 
identified as a possible source using results from a more exhaustive study of OM sources
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in the San Francisco Bay estuary and delta (Cloem et al. 2002). Benthic diatoms and 
freshwater seston may be an important OM source to lake sediments, especially in 
shallow regions where the light availability at the sediment surface is high enough to 
support benthic communities.
The three end-member model using 613C values suggests that terrigenous OM sources 
(plants and soils) dominate (> 50%) over aquatic sources in Englebright Lake sediments 
(Table 3). The dominance of terrigenous organic matter in Englebright Lake is similar to 
previous studies showing the importance of terrestrial sources of carbon in the 
Sacramento-San Joaquin River Delta, which lies downstream of Englebright Lake 
(Jassby and Cloem 2000). During event deposits, stable isotope values tend to indicate 
increased inputs from terrigenous OM sources, but the high variability among sediment 
isotope signatures prevents us from identifying any significant differences between non- 
event and event signatures in both the stable isotope values and the relative proportion of 
OM sources in these samples. Additionally, there are no significant differences in OM 
sources between depositional regimes, further highlighting the prevalence of the 
contribution of terrigenous OM to Englebright Lake.
While most 613C values from Englebright Lake sediments reflect the dominance of 
terrigenous OM sources and this source remains relatively constant over time, three cores 
showed significant changes over time (Figure 4-5). 613C values are inversely related to 
depth in cores 1 and 4 (R2 = 0.42 and 0.52, p = 0.002 and 0.001 for cores 1 and 4, 
respectively), and decrease by approximately 2%o throughout the 60-year accumulation 
period. Since the freshwater plankton samples have the lowest 613C values of the three 
end-members, these trends might suggest a shift towards greater contributions from 
aquatic sources over time. This decrease may also reflect increasing diagenetic alteration 
of the accumulating OM over time associated with changes in delivery (i.e., decreased 
accumulation rates) or reactivity (i.e., more labile OM from plankton or algae) (Lehmann 
et al. 2002; Vreca and Muri 2010). These trends are not observed in cores 6 ,7  and 8
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likely from enhanced preservation due to high sediment accumulation rates or differences 
in OM inputs.
In core 9 ,613C shifts from more positive values below 15m to more negative values 
above 3m. The higher SI3C values at depth in core 9 are consistent with 6I3C values from 
benthic diatoms and freshwater seston (Cloem et al. 2002), and may explain why 
terrigenous inputs at this location are anomalously low relative to inputs to the remaining 
cores from the lake. 6I3C values in core 9 shift toward more terrigenous inputs after 1970 
likely in response to hydrologic changes in the lake. Before 1970, lake levels were drawn 
down every summer and fall by up to 20m, exposing the shallowest sediments and 
changing the water depth at core 9 from ~30m to < 10m (Snyder et al. 2006). During 
these periods of lake drawdowns, the shallower water depths would likely experience 
increased light availability in some regions of the lake, conditions that promote primary 
production from benthic autotrophs. Evidence of this is found only in core 9; this may be 
because core 8 may have been completely exposed during drawdowns while water depths 
at the location of the remaining cores were likely too deep to support benthic autotrophs. 
After 1970, the annual lake drawdowns stopped, leaving the whole lake too deep for 
benthic diatom populations to thrive and resulting in a relative increase in terrigenous 
inputs to core 9.
Interestingly, while the mixing model using 613C values indicates that inputs from aquatic 
OC sources are lower than inputs from terrigenous OC sources, the model based on 615N 
values suggests that TN in Englebright Lake is dominated by aquatic sources (Table 4-3). 
This is consistent with the distribution of carbon and nitrogen in aquatic and terrigenous 
sources. For example, structural components such as cellulose and lignin, which are high 
in carbon and depleted in nitrogen, are abundant in higher plants, whereas plankton are 
more nitrogen-rich as evidenced by higher N/C values in plankton than in higher plants 
(Emerson and Hedges 2008). This suggests that TOC in Englebright Lake sediments 
derives largely from soil and plant OM sources while TN originates from aquatic 
plankton.
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Temporal trends in OC signatures in Englebright Lake
Profiles of TOC in Englebright respond to periods of increased river discharge, and 
highlight the impact of flood events on the accumulation of organic carbon in Englebright 
Lake (Figure 4-3). With the exception of core 4, TOC peaks during flood events, but then 
returns to a relatively constant baseline during non-event accumulation. There also 
appears to be a cycle in the TOC content of core 4 over time (Figure 4-3). The periodicity 
in TOC is approximately 30 years, which is similar to the periodicity of approximately 
20-30 years associated with the Pacific Decadal Oscillation (PDO) (Mantua and Hare 
2002) and consistent with discharge trends in California. Discharge in California is 
strongly influenced by climate oscillations, including PDO and the El Nino Southern 
Oscillation (ENSO). In northern California, discharge from rivers north of ~40°N 
responds to cold PDO and La Nina events (negative phases of both PDO and ENSO), 
while river discharge in southern California is controlled by El Nino and warm PDO 
phases (Milliman and Farnsworth 2011). However, river discharge (from USGS gauging 
station 11418000 and presented by Snyder et al. 2006) and the corresponding TOC 
accumulation in Englebright Lake appears to respond similarly to northern California 
rivers prior to ~1970, and then switches and responds to warm PDO and El Nino during 
the last 30 years of accumulation (Table 4-1). This shift in the controlling climate 
patterns on river discharge and sediment and TOC accumulation in Englebright Lake 
(located at 39°N) may suggest that the latitude at which the influence of PDO and ENSO 
phases on river discharge in California changes is not fixed, and instead varies by a few 
degrees north or south over time (personal communication, JD Milliman, March 2014).
On the other hand, this apparent periodicity in TOC from core 4 may simply be the 
response of organic carbon accumulation to two unusually large floods (i.e., 50- to 100- 
year flood events) that occurred in the Englebright Lake watershed in 1964 and 1997. 
Alternatively, it may reflect the changing depositional regimes in the lake over time. The 
location of the delta front in Englebright Lake, for example, has oscillated between core 8 
and core 7 over the 60-year record of sediment accumulation in the lake. The
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progradation of the delta front may have caused TOC accumulation in core 4 to increase 
as the delta front approached its current location during the 1964 and 1997 floods.
TOC Mass Accumulation Rates (MAR^)  in Englebright Lake
In marine systems, the preservation of OCr depends on energy dynamics and sediment 
accumulation rates (Blair and Aller 2012). A majority of OCT preservation takes place on 
river dominated margins, and Blair and Aller (2012) identify three patterns of OCy 
preservation: (1) high energy, mobile muds result in low OCj preservation (e.g., Amazon 
Delta), (2) low energy, high accumulation rates lead to high OCj preservation (e.g., 
Ganges-Brahmaputra Delta), and (3) high accumulation during episodic events preserves 
high amounts of OCV (e.g., small, mountainous rivers). These three OCT preservation 
patterns are present in Englebright Lake, and topset deposits preserve OC similar to 
regions with high energy and mobile muds, bottomset OC accumulation reflects 
preservation patterns associated with low energy and high sediment accumulation, and 
OC preservation in foreset deposits imitate OCx preservation during episodic events in 
small, mountains river deltas. The conceptual diagram in Figure 4-4 shows that TOC is 
higher in bottomset deposits (cores 1,6 and 4) than in topset or foreset deposits, but 
during events TOC is highest in foreset deposits (core 7). Additionally, M AR^ in foreset 
deposits (6.7 ± 9.9 kgoc m'2 y r 1 for non-event accumulation and 256.2 ± 100.3 k g ^  m'2 
y r 1 for event accumulation) is strongly influenced by the high vertical accumulation rates 
associated with episodic events that characterize this depositional region (29 cm y r 1 to 
161 cm y r 1; Pondell et al. in prep.). However, M A R ^is driven by sediment 
accumulation rates and TOC content, and while bottomset deposits have higher %TOC 
than topset deposits (Figure 4-4), the M AR^ is higher in topset deposits than in 
bottomset deposits (Figure 4-4, Table 4-2) as a result of differences in vertical 
accumulation rates (20 -  40 cm yr'1 for topset vs. ~17 cm yr'1 for bottomset).
MARqc were combined with the areas of Englebright Lake represented by the different 
sediment cores (Childs et al. 2003) to calculate organic carbon burial in these regions 
(Table 4-2). This approach assumed that sediment accumulation in the core was 
representative of sediment accumulation over the whole region of the lake, and previous
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analyses of longitudinal and transverse variability of sediments in Englebright Lake 
supports this assumption (Snyder et al. 2004b). The analysis of MARTOC in Englebright 
Lake shows that the highest non-event carbon burial is found in cores 4 and 7 at the delta 
front region, followed by the deep regions closest to the dam (cores 1 and 6), and the 
region represented by cores 9 and 8 has the lowest non-event carbon burial rates. Figure 
4-4 illustrates relationships between TOC, mass accumulation of TOC, depositional 
regime and sediment supply in Englebright Lake during event and non-event periods of 
deposition, and highlights the impact of flood events. These events increase organic 
carbon content and burial by up to an order of magnitude in Englebright Lake. When the 
TOC content and sediment accumulation rate for each sediment horizon are integrated 
and then combined with the area of each region for event and non-event periods, carbon 
burial in Englebright Lake is estimated at 0.35 Tg of carbon since the construction of 
Englebright Dam in 1940, and of this carbon accumulation more than 0.23 Tg is 
terrigenous OC and up to 0.16 Tg is aquatic OC.
In Englebright Lake, TOC accumulation ranged from 0.2 to 231 kg OC m 2y r 1 and 
averaged 6.6 kg OC m 2 yr'1, which is two times greater than TOC accumulation in the 
Sacramento River prior to 1972 (3.1 kg OC m 2yr ') (Canuel et al. 2009). These data 
provide evidence to support claims of the impacts of extensive damming on mass 
accumulation in the Sacramento River and the Sacramento -  San Joaquin River Delta 
(SSJR Delta) (Wright and Schoellhamer 2004). For instance, Englebright Lake only 
represents about 0.09% of the total 100 km3 of storage available in all the impoundments 
in the watershed of the SSJR Delta (California Dept, of Water Resources, Division of 
Dam Safety), and yet it has trapped about 0.23 Tg of terrigenous OC in 60 years. These 
data also reveal the potential for organic carbon sequestration in impoundments, and 
support previous research describing the magnitude of carbon burial and sequestration in 
other impounded systems (Downing et al. 2008; Tranvik et al. 2009).
Dams are perhaps one of the most significant ways by which humans have altered the 
environment. They have lasting impacts not only on regional hydrology and sediment 
transport, but also on nutrient cycling and organic carbon sequestration. In Englebright
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Lake 0.23 Tg of terrigenous organic carbon have been buried at an average rate of 3.3 
kgoc m 2 yr ' since the construction of the Englebright Dam in 1940. Flood events have a 
substantial effect on TOC delivery and accumulation in this impoundment, increasing the 
organic carbon burial rate by an order of magnitude. However, dams also provide more 
secure water resources and a relatively carbon neutral energy source to a human 
population whose demand for freshwater and energy is higher than ever. In a time when 
the proliferation of dams has become a global strategy for controlling freshwater supply, 
additional studies are needed to investigate the impact of dams on the carbon cycle and 
provide information to inform decisions regarding dam construction and water resource 
management.
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Figure 4-1. Map of sediment cores collected from Englebright Lake.
This figure shows the location of Englebright Lake in relation to the Yuba River 
watershed and the Sacramento-San Joaquin River Delta watershed in CA (see inset). The 
location of the six cores collected from Englebright Lake for this study are shown on the 
map, and the lake has been divided into the six regions represented by each core (Childs 
et al, 2003).
05
Kilometers
CALIFORNIA
YUBA RIVER WATERSHEDENGLEBRIGHT DAM
126
Figure 4-2. Boxplots of TOC, MAR(X , and stable isotopes.
Box plots showing the median (labeled horizontal lines inside boxes), interquartile range 
(25th to 75th percentiles as boxends), and range from the 5th to 95th percentile as ends of 
the error bars for TOC content (a), TOC mass accumulation rates (b), and stable carbon 
(c) and nitrogen (d) isotope values of sediments in Englebright Lake as a function of 
depositional regime. Outliers, associated with event deposition, were not included to 
highlight differences in depositional regimes during non-event accumulation.
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Figure 4-3. Depth profiles of organic carbon content in each core.
Cores are organized with those closest to the dam on the left side of the figure and those 
closest to the river input are on the right of the figure. Event samples are identified by 
filled symbols, and error bars represent one standard deviation for all replicate samples. 
Gray shaded regions represent the 1964 flood horizon identified by Pondell et al. (in 
prep.). Ticks on the right axis of each plot indicate depths corresponding to the 1997 
flood event, the 1970 construction of the New Bullards Bar dam, and the 1950 flood 
event. Note the different x-axis scale for Cores 4 and 7.
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Figure 4-4. Conceptual diagram illustrating event and non-event accumulation of 
organic carbon in Englebright Lake.
The sediment deposit is shaded in the top panel as the accumulation between the 1939 
and 2001 bathymetric profiles (Childs et al, 2003). Sediment load in the Yuba River is 
high and decreases as it flows downstream (to the left) in the lake, and the dominant 
depositional regime changes from topset (white) to foreset (grey) to bottomset (black) as 
the distance from the dam decreases. Average TOC content for each core during non- 
event (squares) and event (triangles) driven accumulation is shown in the middle two 
plots, while non-event and event driven mass accumulation rates (MAR) of TOC are 
shown on the bottom two plots. Note the difference in y-axis scale between event and 
non-event driven accumulation. Error bars represent the standard deviation of the 
average core value for non-event and event accumulation rates.
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Figure 4-5. Depth profiles of stable carbon isotope values (SI3C) for each core.
Cores are organized with those closest to the dam on the left side of the figure and those 
closest to the river input are on the right of the figure. Event samples are identified by 
filled symbols, and error bars represent one standard deviation for all replicate samples. 
Gray shaded regions represent the 1964 flood horizon identified by Pondell et al. (in 
prep.), and horizons corresponding to the 1997 flood, the construction of New Bullards 
Bar dam in 1970, and the 1950 flood are indicated with tick marks on the right axis of 
each profile.
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Figure 4-6. Stable isotope bi-plot with mean event and non-event core values.
The boxes show the mean ± 1 standard deviation for isotope values of aquatic signatures, 
including plankton and particulate organic matter (FW Plankton), soils, and plants 
collected from Englebright Lake and its the watershed (Pondell and Canuel, in prep), and 
benthic diatoms from Cloem et al (2002). Freshwater algae values are not shown here in 
order to show variability in sediment stable isotope values. Mean stable isotope values 
for nonevent (grey) and event (black) accumulation for each core are shown and error 
bars represent the standard error associated with each mean.
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Table 4-1. Events influencing the Yuba River watershed and Englebright Lake.
The floods presented include all events where mean daily discharge (Qd) was greater than 
1500 m3 s 1 (US Geological Survey gauging station 11418000). The controlling PDO and 
ENSO phase are listed for each flood event.
Year Event PDO ENSO
2002 Cores collected from Englebright Lake
1997 Flood Warm El Nino
1986 Flood Warm El Nino
1970 Annual lake level draw-downs cease
1970 Flood Neutral La Nina
1964 Flood Cold La Nina
1963 Flood Cold Neutral
1962 Flood Cold La Nina
1960 Flood Neutral Neutral
1955 Flood Cold La Nina
1950 Flood Cold La Nina
1940 Englebright Dam completed
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Table 4-2. Organic carbon accumulation in Englebright Lake cores.
The dominant depositional regime from each core, the area in the lake represented by 
each core (from Fig. 1), and the mean grain size are listed. The mean and standard 
deviation of mass accumulation rates for TOC (MARC)C) and for TN (MARTN), and the 
estimated terrestrial OC buried in each region are reported.
Core Area (km2) a Deposit b
Grain Size 
(pm )b
MARqc 
Non-event Event 
(kgoc/nr/yr) (kgoc/nr/yr)
Min OCx 
Buried
(Mg OCx)
m a r xn
(kgTN/mr/yr)
1 0.739 Bottomset 17.1 0.7 ± 0.2 1.8 ± 0.6 10.2 0.95 ± 0.02
6 0.857 Bottomset 23.0 1.8 ± 1.2 1.5 ± 0 3 15.6 0.83 ± 0.03
4 0.474 Bottomset 35.4 3.7 ± 3 .0 22.6 ± 13.0 106.6 6.27 ±0.12
7 0.232 Fore set 74.8 6.7 ± 9.9 256.2 ± 100.3 85.3 5.68 ±0.23
9 0.175 Topset 2848.0 2.2 ± 3.0 6.6 ± 5 .7 5.0 NA
8 0.187 Topset 2000.0 1.3 ± 1.5 9.1 ± 1.6 8.1 NA
a: Data from Childs et al., 2003. 
b: Data from Snyder at al., 2004.
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Table 4-3. Aquatic and terrigenous sources in sediment cores.
Ranges of the contributions from terrigenous, freshwater plankton, and benthic diatom 
and freshwater seston OM sources to Englebright Lake sediments presented as minmax 
solutions from 3-end-member mixing models using 613C and 615N for mean core and 
overall lake values. Mean 615N values were not included in the end member analysis 
because nitrogen values were below detection in more than 60% of these samples, and 
are indicated here with NA. When a maximum value was greater than 100% or a 
minimum value was less than 0%, the contribution from that source was identified as 
either greater or less than the value calculated in the mixing model.
Core Isotope
Aquatic Source: 
Benthic Diatoms and 
Freshwater Seston
Aquatic Source: 
Freshwater Plankton
Terrigenous Source: 
Soil and Plant
1
613C 36 -  55% <45% >64%
815N 13-35% >87% <65%
513C 10 -  37% <63% >90%
6
815N <0.04% > 16% 84 -  96%
5I3C 29 -  50% <48% >69%
4
8l5N 3-28% >97% <72%
6,3C 46 -  62% <38% >54%
7
815N <23% >90% 10-77%
513C 66 -  77% <23% >33%
9
815N NA NA NA
513C 25 -  47% <53% >75%
8
815N NA NA NA
Lake
613C 39-57% <43% >61%
Average
8i5N >25% <95% 5 -  75%
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CHAPTER 5: RESPONSE OF ORGANIC MATTER ACCUMULATION IN 
ENGLEBRIGHT LAKE, CALIFORNIA (USA) TO CLIMATE AND HUMAN
IMPACTS
C.R. Pondell 
EA . Canuel
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Abstract
Climate change models predict increasing temperatures and uncertainty surrounding the 
freshwater supply will lead to greater frequency of drought and intense storms that will 
threaten systems already vulnerable to climate and anthropogenic change. This study 
investigates how anthropogenic activities and climate influence organic carbon (OC) 
delivery using Englebright Lake, a reservoir in California, as an example system. 
Terrigenous and aquatic OC accumulation in three depositional regimes (bottomset, 
foreset, topset) were analyzed using fatty acid, sterol and lignin biomarkers and compared 
to records of watershed changes to determine responses to reservoir management (i.e., 
lake draw-downs) and flood events. Concentrations of long chain saturated fatty acids 
(LCFA), plant sterols, and lignin biomarkers increased by an order of magnitude in 
sediments at the delta front during flood events (p < 0.007). A decrease in diacids 
coincident with an increase in aquatic sterols in bottomset deposits reflect the response of 
OC accumulation to the discontinuation of ~20m lake level draw-downs in 1970 (p < 
0.007). OC accumulation in Englebright Lake sediments suggests that multiple processes 
(e.g., magnitude, duration and depositional regime) govern responses to human- and 
climate-driven events in lakes, and the potential for the aquatic system to sequester 
terrigenous and aquatic carbon will increase as the impact of storms and the degree of 
human modification intensifies in the future.
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Introduction
The predicted effects of climate change, including warming, reduced snowpack and 
altered precipitation patterns are expected to transform river runoff patterns and modify 
biodiversity and species composition in terrestrial and aquatic habitats 
(Intergovernmental Panel on Climate Change, 2014). Additionally, the intensity of 
droughts, fires, and disease outbreaks is expected to effect not only natural systems, but 
also human modified systems such as agricultural lands (Marshall et al. 2008, Sturrock et 
al. 2011, Wheeler and Braun 2013). Natural and anthropogenic systems already 
vulnerable to climate pressures including rising sea level, increasing temperatures, and 
uncertain freshwater resources (Cloem and Jassby 2012, Moser et al. 2012) will become 
more threatened under future climate change scenarios (Cloem et al. 2011).
Global climate change is expected to alter carbon cycling between atmospheric, 
terrestrial, and marine carbon pools, with differing impacts and magnitude of change in 
arctic, temperate, and tropical systems (Canuel et al. 2012). Temperate systems, for 
example, are generally predicated to receive more precipitation as temperatures increase, 
resulting in higher winter-spring stream flow and increased phytoplankton productivity 
(Paerl et al. 2006, Najjar et al. 2010). In some temperate systems, such as the Mississippi 
Delta and Mobile Bay, increasing temperatures are expected to lead to extreme salinities 
and reduced stream flow, resulting in decreased water quality and altered food webs 
(Twilley et al. 2001). In some estuarine and coastal systems the frequency of intense 
storm events is expected to rise, increasing inundation and modifying aquatic carbon 
cycles (Canuel et al. 2012). During extreme events the export of organic carbon may be 
two to five times greater than the average annual base flow export, and is dominated by 
particulate, rather than dissolved organic carbon (Dhillon and Inamdar 2013). The burial 
of particulate carbon in marine sediments is a significant carbon sink, and the potential 
particulate carbon sink in aquatic systems during flood events may be just as important.
The impact of intense storm events on the transport of carbon through rivers is 
substantial, and in many small or arid rivers world-wide more than 25% of the annual
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carbon flux to the ocean is transported during episodic events over the course of several 
hours to a few days (Coynel et al. 2005). Predicting when these events will occur in a 
river is difficult because the response to extreme events depends on several factors, 
including local climate and geologic and geomorphic controls in the drainage basin 
(Milliman and Farnsworth 2011). Direct sampling of flood events challenging than due 
to safety issues and sampling strategies. Sediment records provide an alternate method 
for analyzing the impact of extreme flood events on organic carbon burial in coastal and 
lake environments over extended time periods, and offer insights to help increase 
understanding of responses of sediment and particulate matter to past events (Wheatcroft 
et al. 2010, Orpin et al. 2010).
The approach employed in this study uses multiple proxies to identify how organic 
carbon and sediment accumulation respond to anthropogenic- and climate-driven 
impacts. Multi-proxy studies in terrestrial and aquatic systems prove useful in 
differentiating between sources of material to depositional environments (Muri et al. 
2004, Pierce et al. 2012, Routh et al. 2014), and offer powerful tools to trace changes to 
organic matter (OM) over time (Zimmerman and Canuel 2001, Houel et al. 2006).
Human activities, such as urbanization and agriculture, and climate are both significant 
drivers that may translate to simultaneous responses in environmental records, such as 
sediments. It is often difficult to distinguish between these response signals (Parmesan 
and Yohe 2003), especially if the magnitude of the events or responses is not equal. This 
study measured the effects of different impacts, including the modification of the 
hydrological regime and major flood events on the transport and accumulation of carbon 
in aquatic systems by analyzing multiple organic biomarkers from an impoundment in a 
small, mountainous watershed in northern California.
Study System
Englebright Lake on the Yuba River is a reservoir in the foothills of the Sierra Nevada 
Mountains in northern California (Figure 5-la) created by construction of Englebright 
Dam in 1940. The impoundment is a 14km long lake with depths ranging from 70m near 
the dam to less than 3 meters at the river confluence (Figure 5-1 b). Three tributaries, the
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North, Middle, and South Yuba Rivers, converge just upstream of the Englebright Lake 
and drain 3468 km2 of conifer and hardwood forest dominated area in the Sacramento 
River watershed. Hydraulic mining impacts from gold mining in the 19th century 
mobilized an estimated 344 million cubic meters of sediments in Sacramento River 
watershed, and Englebright Dam is one of the many dams built in this system to trap this 
mining debris. Several flood events impacted the Englebright Lake watershed since the 
construction of Englebright Dam in 1940, leading to extended periods of high discharge 
(Table 5-1) that have influenced sediment and organic carbon (OC) transport to the 
Englebright Lake.
Depositional patterns in Englebright Lake are an example of a Gilbert-type delta (Snyder 
et al. 2006) with three distinct depositional regimes (Figure 5-lb). Topset deposits in the 
shallow, upstream region of the lake designate the accumulation of bedload material. 
Foreset deposits at the top of the delta front are influenced by the changing slope of the 
river bottom, and bottomset deposits in the deep-water region of the lake closest to the 
dam represent the accumulation of the suspended sediment load (Pondell et al. in prep.).
Methods
Sediment Sample Collection
Sediment cores were collected from Englebright Lake in 2002 by the U.S. Geological 
Survey (Snyder et al. 2004) to characterize the sediment deposit. Parameters, including 
grain size, organic matter content (from loss-on-ignition analysis), sediment density, trace 
metals, and radioactive cesium isotope profiles for geochronological dating were 
measured from sediment samples collected from these cores. In 2009, six of these 
sediment cores were resampled for organic carbon and biomarker analyses. Samples 
(~40g of sediment) were collected at depth intervals that provided a temporal resolution 
of one to five years in each core. Sampling size and intervals increased for cores 8 and 9, 
where larger samples (~60g of sediment) were needed to ensure enough organic material 
was available for biomarker analysis from the coarse (1-3mm) sediments. Sediment 
samples for organic carbon analyses were transported to the Virginia Institute of Marine
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Science and stored at -80°C until they could be freeze-dried and homogenized for 
biomarker analysis.
Lipid Biomarker Analysis
Total lipids were extracted from 167 sediment samples (~10-50g) with CH2C12: CH3OH 
(2:1 v/v) at 80°C and 1800 psi using a Dionex ASE 200 accelerated solvent extractor 
(Waterson and Canuel 2008). Samples were partitioned with a 1:1:0.9 solution of 
CH2C12: CH3OH:NaCl (20% aqueous solution) to separate the extracts into organic and 
aqueous phases. The organic phase was isolated, dried, and saponified using IN KOH in 
aqueous methanol (10% HzO) (Canuel and Martens 1993). Neutral lipids (SAP-N) were 
isolated from the saponified residue using hexane. The pH of the residue was reduced to 
2 and the acidic lipids (SAP-A) were isolated by hexane extraction. The SAP-A fraction 
was methylated with 3% BF3 in methanol and the methyl esters were extracted into 
hexane. Sterols (from SAP-N fraction) and fatty acid methyl esters (FAME) and were 
isolated from other lipid classes using silica gel chromatography. Prior to analysis by gas 
chromatography (GC), sterol fractions were derivatized with N ,0- 
Bis(trimethylsilyl)trifluoroacetamide (BSTFA). Sterols were analyzed with an Agilent 
7890A GC (DB-5MS 30m x 0.32mm column with 0.25pm film) connected to an Agilent 
5975C mass spectrometer, and FAMEs were analyzed with an HP5890 series II GC (DB- 
23 60m x 0.32mm, 0.25pm film). FAMEs and sterols were quantified relative to C21 
FAME and 5a-cholestane internal standards, respectively. Methodological blanks were 
run in parallel and samples were blank corrected prior to data analysis. Average recovery 
of nonadecanol and 5a-androstanol (surrogate compounds added at the beginning of the 
analysis) was greater than 55%, and variation between blank corrected replicate samples 
was less than 20%.
Lignin Biomarker Analysis
Lignin phenols were extracted from 146 sediment samples following the CuO method 
described by Hedges and Ertel (1982) and modified by Louchouam et al. (2000). Briefly, 
sediments (enough for the extraction of ~4mg OC), 330mg CuO, 150mg Fe(NH4)Mg, and
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2-3mL 2N NaOH were added to stainless steel reaction vessels and heated at 154°C for 3 
hours. For sediments where the organic carbon content was low (i.e., less than 4mg OC 
per 1 g sediment), ~5mg of glucose was added to prevent the super oxidation of lignin 
oxidation products (Louchouam et al. 2010). Prior to closing the vessels, samples were 
purged with nitrogen to ensure the reaction occurred without oxygen. After samples 
cooled, surrogate standards rrans-cinnamic acid and ethyl-vanillin were mixed into 
samples, which were then decanted with 2 successive rinses of 1N NaOH. Samples were 
acidified with HC1 and extracted three times with ethyl acetate. Water was removed from 
samples using Na2S04,and samples were dried, re-dissolved in pyridine, and derivatized 
with BSTFA prior to analysis by GC-mass spectrometry. Lignin oxidation products were 
analyzed with an Agilent 7890A GC (DB-5MS 30m x 0.32mm column with 0.25pm 
film) connected to an Agilent 5975C mass spectrometer using 13 *5-tri isopropyl benzene 
as an internal standard to quantify 13 lignin compounds. Quantification peaks were blank 
corrected, and variation between replicate samples was ~20%.
Data Analysis
Statistical analysis of sediment biomarker data was performed using R-Studio software 
(version 0.98.507). All biomarker data were log transformed to meet the assumption of 
normal distribution prior to statistical analysis. Analysis of variance (ANOVA) was used 
to identify differences between biomarker concentrations in depositional regimes, during 
events, and interactions between these variables. Tukey HSD (highly significant 
difference) post hoc test compared differences between variables to determine which 
differences were significant. In order to reduce the dimensionality of the data set, fatty 
acid, sterol, and lignin biomarkers for all samples were analyzed together using principal 
components analysis (PCA) (Table 5-2). Prior to PCA, data were transformed to remove 
negative bias. This transformation included normalizing all biomarker values to the total 
biomarker class concentration (i.e., total fatty acids or total sterol concentration), and then 
values that were below detection (BD) were replaced with one half the minimum 
biomarker concentration. Biomarker values were divided by their geometric mean and 
log normalized. Then, the mean was subtracted from each biomarker value and divided 
by the standard deviation of that mean to transform the biomarker mean and standard
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deviation to 1 and 0, respectively (Yunker et al. 2005). Based on results from the initial 
PCA, biomarker compounds were grouped when appropriate (i.e., when they reflected 
common biological sources and grouped similarly in the PCA) to reduce the number of 
variables. A final PCA was run using these grouped biomarkers, and factor loadings were 
used to determine which biomarker compounds explained the dominant principal 
components (PC).
Terrestrial to aquatic ratios of fatty acids (TARfa) were calculated to provide an estimate 
of contributions from terrigenous and aquatic sources using the equation presented in 
Meyers (1997).
C 2 4  +  C 2 6  +  C 2 8  TARfa =  - p —
£ l2  +  £ l4  +  C 16
Cx indicates a saturated fatty acid of carbon length X. TARfa less than one suggest an 
aquatic source, while TARfa greater than one imply a terrigenous OM source.
Results
Factor Analysis
Despite considerable variation in biomarkers signatures across Englebright Lake 
sediment samples, results from the PCA identified three distinct core groupings. Cores 1, 
8 and 9 grouped together, cores 4 and 7 were similar, and core 6 was different from all 
other cores (Figure 5-2a). PCA loadings suggested differences in organic matter sources 
reflected by the terrigenous and aquatic biomarkers (Figure 5-2b). Biomarkers with the 
highest positive loadings on Principal Component 1 (PC-1) were aquatic sterols (0.431), 
cholesterol (0.329), polyunsaturated fatty acids (PUFA; 0.284), and ratios of vanillic acid 
to vanillin ((Ad/Al)v; 0.298). In contrast, long chain fatty acids (LCFA) (-0.339), total 
lignin phenols (28) (-0.407) and plant sterols (-0.263) had the most negative loadings on 
PC-1. Short chain fatty acids (SCFA) and diacids had the most positive loadings on PC2 
(0.318 and 0.368, respectively) and branched fatty acids (BrFA), C lgPUFA, and odd- 
numbered monounsaturated fatty acids (Odd MUFA) had the most negative loadings on 
PC2 (-0.417, -0.475 and -0.347, respectively). Together PC-1 and PC-2 explained -35%
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of the variability in the data set and this paper will discuss trends in the biomarkers most 
strongly correlated to these PC.
Lipid Biomarkers
Total FA and total sterol concentrations tracked total organic carbon (TOC) content in 
sediment samples (R2 = 0.81 and p < 0.001 for total FA vs. TOC; R2 = 0.72 and p < 0.001 
for total sterol vs. TOC). Overall, total FA concentrations ranged from 0.6 to 832.6 pg g'1 
and total sterols ranged from below detection (BD) to 280.6 pg g"1 in sediments from 
Englebright Lake. Concentrations of lipid biomarkers representing aquatic sources, 
including SCFA (total range = BD -  128.5 pg g*1), PUFA (total range = BD -  74.4 pg g' 
'), aquatic sterols (total range = BD -  0.3 pg g"1), and cholesterol (total range = BD -  2.1 
pg g 1), for each sediment core are presented in Table 5-3. (See Appendices for 
concentrations of biomarkers for each sediment sample). Overall, aquatic biomarkers did 
not differ significantly during flood events, but in bottomset deposits aquatic sterol 
concentrations were higher in sediments accumulating after 1970 (0.03 ± 0.05 pg g 1) 
than they were in sediments deposited before 1970 (0.008 ± 0.006 pg g p < 
0.001)(Table 5-3). Additionally, bacterial biomarkers, including BrFA and Odd MUFA, 
were higher in recent deposits (after 1970) (BrFA = 1.13 ± 1.15 pg g ', Odd MUFA = 
0.19 ± 0.37 pg g ’) than in sediments accumulating before 1970 (BrFA = 0.65 ± 0.85 pg 
g 1, Odd MUFA = 0.37 ± 0.49 pg g '; p < 0.001 for all biomarkers).
LCFA (total range = BD -  303.1 pg g '), diacids (total range = BD -  57.1 pg g 1), 
C18PUFA (total range = BD -  21.2 pg g '), and plant sterols (total range = BD -  247.0 pg 
g"1) characterized terrigenous organic matter sources, including plants and soils (Table 5- 
3). Concentrations of diacids in cores 1 and 6 were higher in sediments deposited before 
1970 than in the more recently deposited sediments (p < 0.007) (Table 5-3; Figure 5-3). 
Diacid concentrations decreased from 0.83 ± 0.85 pg g 1 and 1.09 ± 0.60 pg g ' in 
sediments deposited before 1970 to 0.04 ± 0.12 pg g 1 and BD in sediments deposited 
post-1970 from cores 1 and 6, respectively (Table 5-3 Figure 5-3). LCFA and plant sterol 
concentrations differed between flood event and non-event deposits in core 7 (Table 5-3,
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Figure 5-4). Concentrations of these biomarkers were significantly higher in the 1964 
flood deposit than in the rest of the sediments that accumulated in core 7 (p < 0.001 for 
both biomarkers) (Table 5-2). Concentrations of plant sterols (24-methylcholesta-5-en- 
3B-oI [campesterol],24-ethylcholesta-5r22-dien-3B-ol [stigmasteroll, and 24- 
ethylcholest-5-en-3B-ol [sitosterol]) 35 times higher in this event deposit than the 
average concentrations measured during normal, non-event accumulation, and LCFA 
concentrations were over 50 times greater in event deposits (Table 5-2). TARfa were 
generally greater than 1, except in cores 8 and 9 where the average TARfa was 0.9 and 
0.99, respectively (Table 5-4).
Lignin Biomarkers
Lignin phenol concentrations (28), or the sum of the concentration of the vanillyl, 
syringyl and cinnamyl phenols, ranged from BD to 54.2 mg g'1 in Englebright Lake, and 
responded to the 1964 and 1997 flood events in the watershed (Figure 5-5). In cores 4 
and 7 ,28  increased by an order of magnitude during the 1964 and 1997 flood events (p 
<0.001) from 0.62 ± 0.94 mg g 1 during non-event accumulation to 7.14 ± 5.88 mg g 1 in 
flood event deposits in core 4 and from 0.75 ± 1.26 mg g 1 to 31.70 ± 16.89 mg g 1 in core 
7 (Table 5-3).
Additional lignin proxies showed few significant differences over time or between cores 
in Englebright Lake, but provide information about terrestrial sources of OM to the lake. 
Syringyl to vanillyl phenol ratios (S/V), used to distinguish between angiosperm and 
gymnosperm plant tissues (Hedges and Mann, 1979), ranged from 0.04 to 1.26 in 
Englebright Lake sediments, but average values for each core ranged between 0.27 and 
0.49. Ratios of cinnamyl to vanillyl phenols (C/V) ranged from 0.003 to 0.40, and all 
mean core C/V values were less than 0.13. C/V ratios differentiate between hard and soft 
plant tissue, such as bark and leaves or needles. Acid to aldehyde ratios of vanillyl 
phenols [(Ad/Al)v] provide information about the degree of degradation of lignin (Goni 
et al. 1993). (Ad/Al)v values in Englebright Lake ranged from 0.22 to 3.29, and were 
higher in topset deposits (0.78 ± 0.65) than in bottomset (0.57 ± 0.33) or foreset deposits 
(0.48 ± 0.23, p < 0.04). Finally, ratios of 3,5-benzoic acid to vanillin (3,5-Bd:V), an
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indicator of degradation of soil organic matter inputs, ranged from 0.005 to 0.62, with an 
overall mean of 0.07 ± 0.09. Ratios of 3,5-Bd:V were correlated with (Ad/Al)v ratios (r = 
0.49, p < 0.001) and had similar PCA scores for the initial PCA run, so these two 
biomarkers were combined for the final PCA (Figure 5-2).
Discussion
Sources o f organic matter to Englebright Lake
Biomarker results are consistent with a complementary study using stable carbon and 
nitrogen isotopes, showing that more than ~60% of OM delivered to Englebright Lake is 
terrigenous in origin (Pondell and Canuel in prep.). Concentrations of terrigenous lipid 
biomarkers are greater than aquatic biomarkers (e.g., plant sterol > aquatic sterol [p < 
0.001] and cholesterol [p < 0.001]), and lignin concentrations are two to three orders of 
magnitude greater than lipid biomarker concentrations, indicating the importance of 
terrigenous OM inputs to Englebright Lake. However, the amount of terrigenous OM 
differs by location in the lake, and in some cores the aquatic sources contribute more to 
the sediment OM pool than terrigneous sources (i.e., aquatic OM is at least 66% of OM 
in core 9, Pondell and Canuel in prep.). Cores 1,9 and 8, with positive PC-1 scores, are 
more strongly influenced by aquatic sources, whereas terrigenous OM biomarkers 
(negative PC-1 loadings) characterize cores 6 ,4  and 7 (Figure 5-3).
Cores 4 and 7 group together based on PCA loadings of LCFA, 28, plant sterols, and 
diacids (Figure 5-2), and these biomarkers, as well as the high TARfa (Table 5-4), are 
indicative of terrigneous OM sources. LCFA, 28, plant sterols are well-known 
biomarkers for terrigenous plant sources (e.g., Volkman 1986, Houel et al. 2006, 
Waterson and Canuel 2008), CI8 PUFA derive from higher plants and fungi (Ruess and 
Chamberlain 2010), and diacid biomarkers indicate contributions from plant leaf waxes 
(Volkman et al. 1980). Additionally, concentrations of theses biomarkers were greatest in 
higher plant OM sources from the Englebright Lake watershed (Pondell and Canuel in 
prep.), confirming that their origins in Englebright Lake are from terrigenous plants.
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While contributions of LCFA, plant sterols, diacids, and 28 imply that OM inputs to 
cores 4 and 7 are dominated by terrigenous sources, ratios of other lignin phenols identify 
specific vascular plant sources. The biplot of C/V and S/V (Figure 5-6) indicates that the 
OM in cores 4 and 7 is a mixture of hard and soft tissues from gymnosperm and 
angiosperm plants (Goni and Hedges 1992), reflecting conifer and hardwood forests , the 
two dominant land covers in the Englebright Lake watershed (Figure 5-la) (Federal 
2000). Biomarkers from both of these OM sources accumulate are common throughout 
Englebright Lake, and are not specific only to cores 4 and 7 (Figure 5-6). (Ad/Al)v ratios 
provide a measure of the oxidative state of lignin (Hedges & Mann, Goni et al. 1993) and 
values of this ratio range from fresh plant tissues ([Ad/Aljv ~ 0.3) to highly degraded 
([Ad/Al]v ~  1) in cores 4 and 7. Mean (Ad/Al)v values of ~0.48 in cores 4 and 7 suggest 
that, in general, vascular plant sources at these locations are fresh relative to the other 
core locations in Englebright Lake (Table 5-4).
Biomarkers suggest that cores 1,9 and 8 are influenced by aquatic OM sources to a 
greater extent than cores 4 and 7 (Figure 5-2), although differences in concentrations of 
aquatic biomarkers implies that the aquatic source is not consistent across these three 
cores. Freshwater plankton collected in Englebright Lake were dominated by 27-nor-24- 
cholesta-5,22-dien-3|3-ol and cholesta-5,22-dien-3|3-ol (Pondell and Canuel in prep.) but 
only 27-nor-24-cholesta-5,22-dien-3p-ol was detected in sediments from Englebright 
Lake, and mainly in core 1. 27-nor-24-cholesta-5,22-dien-3p-ol has been identified as a 
product of the bacterial degradation of diatoms (Holba et al. 1998), and suggests that 
diatoms are important components of the freshwater community contributing to OM 
signatures in core 1 (Pondell and Canuel in prep.).
High contributions from SCFA (> 25% for cores 8 and 9 as compared to < 23% for all 
other cores) and low contributions from LCFA (<17% for cores 8 and 9, and >25% for all 
other cores) are consistent with aquatic sources in these two cores. Stable carbon isotope 
values suggest that the aquatic community, especially for core 9, may be influenced by 
benthic diatoms (Pondell and Canuel in prep.). Similarities between SCFA, LCFA, and
146
(Ad/Al)v in cores 8 and 9 indicate similar OM sources, and an examination of the 
hydrologic history of Englebright Lake may explain organic matter proxies in these two 
cores. Prior to 1970, annual lake level draw-downs exposed the shallowest sediments in 
Englebright Lake during summer and autumn (Snyder et al. 2006). Biomarker signatures 
in cores 8 and 9 suggest that changing lake levels may cause winnowing of sediments and 
OM (Wakeham and Canuel submitted), leaving behind the OM most closely bound to 
sediment particles. High (Ad/Al)v, and correspondingly high 3,5-Bd:V, in cores 8 and 9 
(> 0.69) suggests that terrigenous OM accumulating in these cores is likely soil organic 
matter that has undergone more degradation than the bark, leave and needles that 
accumulated in cores 4 and 7, providing evidence to support the winnowing of loosely 
associated coarse OM during lake level draw-downs at these core locations. TARfa (core 
9 = 0.9 and core 8 =0.99) indicates that OM in these cores was derived from 
approximately equal proportions of aquatic and terrigenous sources. During Englebright 
Lake’s early history, lake level draw-downs may have increased benthic primary 
production in the shallowest region of the lake. The decreased water levels at core 9 
(from ~30 m in winter and spring to < 10 m in summer and autumn) may have stimulated 
benthic diatom productivity. Benthic diatom communities may have also influenced 
sediments accumulating in core 8, but in this location lake-levels draw-downs likely 
exposed these sediments, leading to more scouring and less aquatic influence when water 
levels were extremely low.
Biomarkers in core 6 are unique relative to all other cores in Englebright Lake. While 
PCA results indicate a dominance of terrigenous sources in this core (PC-1 < 0), the 
terrigenous source for core 6 (PC-2 < 0) differs from the higher plant source dominating 
biomarker signatures in cores 4 and 7 (PC-2 > 0). PCA loadings indicate that higher 
contributions from BrFA, CI8PUFA and Odd MUFA, biomarkers for bacterial and 
fungal/higher plant OM sources (Volkman et al. 1980, Canuel and Martens 1993,Zelles 
1999), distinguish core 6 from cores 4 and 7. One interpretation of these microbial 
biomarkers is that soils are the dominant source of OM to core 6, which is supported by 
sediment stable isotope values from core 6 (Pondell and Canuel in prep.) that are 
consistent with stable isotope values of soils collected from the Englebright Lake
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watershed (Pondell and Canuel in prep.). The unique stable isotope and biomarker 
signatures associated with core 6 suggest a local source and may reflect OM inputs from 
the nearby Keystone Ravine. Keystone Ravine drains a small area (< ~1002m) and core 6 
was collected at the mouth of this ravine. Overall, differences in the biomarkers found in 
core 6 relative to the other cores from Englebright Lake suggest a localized OM source, 
and implies that runoff from this small creek controls OC accumulation at this location.
In summary, the organic biomarkers, PCA and stable isotope mixing models (Pondell and 
Canuel in prep.) indicate that sediments in Englebright Lake are influenced by a mixture 
of sources but that that proportion of these sources varies by location.
Response o f biomarker signatures to anthropogenic and climate influences 
Flood events. In Englebright Lake, the response to climate, specifically floods, is evident 
in profiles of terrigenous biomarkers, but records of flood layers vary across events and 
depositional regime. The strongest signal from flood events was observed at the delta 
front in cores 4 and 7 (Figure 5-5). Overall, lignin concentrations during flood events are 
an order of magnitude higher in cores 4  and 7 than during non-event deposition. 
However, only two flood events are recorded in these cores, and the response of OC 
accumulation during these two events differs between cores 4 and 7. While both the 
1964 and 1997 flood events are recorded in core 4 ,28  is higher for the 1997 flood than 
for the 1964 flood. In contrast, only the 1964 flood is recorded in core 7. In addition to 
higher 28 concentrations in core 7, the 1964 flood is also characterized by elevated 
concentrations of other terrigenous biomarkers in flood deposits relative to non-flood 
deposition (e.g., plant sterols [p = 0.02], and LCFA [p = 0.003]; Figure 5-4).
Interestingly, the relative contribution of LCFA and plant sterols did not change during 
flood and non-event accumulation (p > 0.9), indicating that even though more terrigenous 
material from the watershed is delivered to the lake during flood events, the sources of 
this OM remain constant.
While flood events from 1964 and 1997 seem to have the greatest impact on 
allochthonous OM accumulation in Englebright Lake, other flood events impacting the
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watershed are also recorded in the sediments. For example, the maximum peak in £8  
and other terrigenous biomarkers in core 7 corresponds to the 1964 event, but there is 
also a peak just below this one that shows a response to the 1960, 1962 and/or 1963 
floods (Figure 5-4, Table 5-2). Profiles of 2 8  concentration from Englebright Lake 
(Figure 5-5) suggest that not all of the nine large floods, as defined by a mean daily 
discharge >1500 m3 s'1 (Snyder et al. 2006), are recorded in the lake sediments, and that 
those flood events that are preserved differ in timing and magnitude across the cores 
(Figure 5-5).
The 1997 and 1964 floods had the most significant impact on OM accumulation in 
Englebright Lake, (i.e., largest increase in biomarker concentrations). The 1964 and 1997 
floods were not only two of the largest floods in terms of peak discharge, but they were 
also the two longest lasting floods in the Englebright Lake watershed with 5 or 6 
consecutive days of discharge greater than 1500 m3 s ' (Table 5-2) (Snyder et al, 2006). 
The combination of high discharge and extended duration of flood events (i.e., > 4 days) 
may contribute to increased terrigenous OM accumulation, similar to other riverine and 
lacustrine systems (Enzel and Wells 1997, Orpin et al. 2010). This suggests that 
extended periods of high discharge may be needed to mobilize large enough loads of 
sediment and organic matter to accumulate as event layers in Englebright Lake. In the 
case of the 1964 flood, approximately 1.5 m of sediment were preserved in the foreset 
deposits in core 7 (based on accumulation rates from Pondell et al., in prep), and some of 
that event, sediments were remobilized as turbidity currents or hyperpycnal flows and 
deposited in core 4 at the bottom of the delta front. In contrast, flood events of shorter 
duration (<four days) are not recorded consistently in the sediments of Englebright Lake.
The record of flood events may also reflect differences in physical processes by location 
in Englebright Lake. Sediments accumulating in shallow regions of the lake (i.e., cores 7, 
8, and 9), for example, are likely influenced by physical re-working (i.e., winnowing) to a 
greater degree than sediments in deep waters due to lake surface drawdowns that are part 
of the management of Englebright Lake (Snyder et al. 2006). As a result, sediments 
accumulating in the deeper regions of Englebright Lake are more protected from physical
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mixing processes, which may explain why the magnitude and number of event signatures 
recorded in the bottomset deposits (cores 1 and 6) is greater than in the topset deposits 
(cores 8 and 9) (Figure 5-5).
Overall, the deposition patterns reveal that a host of factors influence delivery and 
accumulation of OM associated with flood events in Englebright Lake including the 
magnitude and duration of storm events, depositional regime and post depositional 
processes.
Lake level draw-downs. Englebright Dam was the first large dam (height > 15m) 
constructed on the Yuba River, and it was built to trap debris from upstream hydraulic 
mining sites. Between 1940 and 1970 Englebright Dam and its reservoir also supplied 
hydroelectric power and water for irrigation to the surrounding communities (Snyder et 
al. 2006). In order to provide these services, the lake surface level was drawn down from 
an average of 157m to ~137m between summer and autumn every year, and was 
recharged during the winter storm season (Snyder et al. 2006). In 1970, these annual 
draw-downs ceased with the construction of the New Bullards Bar (NBB) dam upstream 
of Englebright Lake. The NBB was constructed to provide hydroelectric power, and 
became the source of water for irrigation as well; the need to draw water from 
Englebright was reserved only for periods when maintenance on Englebright Dam was 
required. The construction of the NBB across the North Yuba River changed the 
hydrograph of the river, and discharge to Englebright Lake was controlled by discharge 
from the hydroelectric plant associated with the NBB (Snyder et al. 2006). The NBB is 
the second tallest dam in California (194 m high, reservoir volume = 1.196 km3) with a 
residence time of approximately 4 years and a trapping efficiency over 95% (calculated 
from equations described in Vorosmarty et al. (2003). However, the impact of the NBB 
on the delivery of OM to Englebright Lake was diminished because it inundated a dam 
constructed before the construction of Englebright Dame. Therefore, the analysis of 
biomarker signatures before and after 1970 will focus on hydrologic changes in the lake 
rather than changes in the delivery of sediments and organic matter due to the upstream 
dam.
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Biomarkers from select sediment cores show a response to the hydrologic changes in 
1970. Fatty acid biomarkers, specifically diacids, decrease significantly from an average 
of 5 to 20% before 1970 to values below detection in cores 1 and 6 (p = 0.006 for core 1 
and p < 0.001 for core 6) (Figure 5-3). The absence of diacids in the more recent (post- 
1970) sediment samples suggests a shift from terrigenous to aquatic OM sources in cores 
1 and 6. In the bottomset deposits, where most of the accumulation of suspended 
sediment load occurs, decreases in the concentration of diacids correspond to increases in 
aquatic sterol concentrations. Aquatic sterols were significantly higher in bottomset 
sediments deposited after 1970 than in sediments from before 1970 (p < 0.001). The 
combination of decreasing diacid concentrations and increasing concentrations of aquatic 
sterols after 1970 suggests that autochthonous OM sources increased after the annual lake 
level draw-downs stopped.
Changes to the hydrologic regime likely influence the suspended sediment load in 
Englebright Lake, and after 1970 remobilized sediments from topset deposits in the lake 
would no longer be incorporated into the suspended load. This should decrease the 
overall suspended sediment load and decrease terrigenous OM inputs from the winnowed 
shallow water sediments. Increases in aquatic OM in response to the changing hydrologic 
regime may reflect increasing production due to increased light availability as the 
suspended sediment load decreases (Friedl and Wuest 2002) or a relative increase due to 
decreasing transport of terrigenous OM from shallow sediments in the lake.
The role o f depositional regime in the identification o f specific responses to watershed 
events
Organic biomarkers document responses to climate and human impacts in the 
Englebright Lake watershed but these responses are not recorded uniformly within the 
lake sediment record. Bottomset deposits (cores 1 and 6) contain biomarker evidence 
documenting the impact of changing hydrologic regime on the accumulation of OC 
throughout the lake. When the lake level draw-downs stopped, the transport of 
remobilized materials from upstream areas to downstream regions of the lake decreased.
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This could result in a few different circumstances that would increase the proportion of 
aquatic OC in bottomset deposits. First, a decrease in suspended sediments resulting from 
decreased upstream material loads could increase the light availability in the deep-water 
region of Englebright Lake, stimulating primary production from freshwater plankton 
communities. Conversely, a decrease in the delivery of terrigenous OM from remobilized 
sediments from upstream regions of Englebright Lake would result in a relative increase 
in aquatic OM sources in bottomset deposits of the lake.
Foreset accumulation records OC accumulation related to the two largest floods at the 
delta front in Englebright Lake. High concentrations of terrestrial biomarkers reflect the 
accumulation of large pieces of organic matter, such as leaves and branches (based on 
visual observations), and the records of events in core 4 and at the bottom of the delta 
front likely result from sediment remobilization during turbidity currents (Gilbert et al. 
2006) or subsequent lake level drawdowns (Snyder et al. 2006).
Conversely, sediments in the topset deposits (5 to 15 m in cores 8 and 9) have the lowest 
concentrations of terrigenous biomarkers (~5pg g'1) and are likely associated with the 
accumulation of coarse bedload sediments. These coarse sediments are arguably the most 
impacted by the changing lake hydrography. Before 1970, these sediments were exposed 
every year, and fine sediment and organic matter was winnowed away. Biomarkers from 
core 9 in the topset deposits indicate a dominance of aquatic biomarkers during the first 
30 years of accumulation that is not observed in any other core, and there is a trend 
toward increasing contributions from terrigneous OM sources after 1970 as hydrologic 
conditions in the topset region of the lake become more similar to conditions seen 
throughout the rest of Englebright Lake.
This study shows that responses to anthropogenic and climate events can be differentiated 
in this system, and suggests that a multi-proxy study of organic carbon is needed in 
systems like Englebright Lake where multiple drivers of events influence OC 
accumulation over time. The spatial separation of event records in Englebright Lake by 
depositional regime demonstrates how the energy associated with an event controls the
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transport and accumulation of OC. This separation of event signals is obvious from the 
data measured for this small system, but may also be applied to large riverine systems.
For instance, in large river systems (i.e., the Mississippi River) records of high energy, 
episodic events like storms may be retained in upstream tributaries where the localized 
event impact is strongest (e.g. paleo-event records in Lake Tutira; Orpin et al. 2010) 
while long term records of land-use change (i.e., agriculture or dams) may accumulate 
estuarine or coastal sediment deposits as evidence of the watershed response to a more 
large-scale event (i.e., decreased organic carbon accumulation in the Sacramento-San 
Joaquin River Delta coincident with dam proliferation; Canuel et al. 2009).
Conclusions
Sediment and organic carbon accumulation in Englebright Lake provide evidence 
showing that terrestrial OC accumulation responds to anthropogenic and climate stressors 
in the watershed. Based on the biomarker results, organic matter in Englebright Lake has 
the following general characteristics: (1) the dominant source of material is allochthonous 
and derived primarily from higher plants and soils in the watershed based on the high 
relative contribution of terrestrial biomarkers, (2) organic matter sources to the lake do 
not change during floods, but a greater volume of this terrigenous material accumulates 
during these events. Additionally, inputs from aquatic OM sources increased 
significantly in bottomset deposits after 1970, coincident with the construction of a mega­
dam upstream causing changes to the hydrology of Englebright Lake. The response of 
sediment and organic carbon accumulation is contingent on several factors that are 
unique to individual environmental systems, including the history of land-use in the 
watershed, the magnitude and duration of disturbance events, and the connectivity 
between terrestrial and aquatic systems. This study provides a framework for evaluating 
influences of specific events based on unique watershed characteristics, and offers 
insights into the importance of reservoirs as recorders of watershed responses to local and 
regional events and as potential terrestrial carbon sinks.
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Figure 5-1. Map of the Yuba River and Englebright Lake sediments.
The land cover and dams are shown for the Yuba River and Englebright lake watersheds 
(a). The bottom panel shows a transect of Englebright Lake with the location of the six 
cores and their depth in meters below the lake surface (mbls). Sediment deposited in the 
lake between the construction of Englebright Dam and when the cores were collected 
(1939-2001) based on bathymetric survey data (Childs et al. 2003) is shaded and is 
separated into bottomset (black), foreset (grey), and topset (white) deposits.
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Figure 5-2. Mean core results from Principal Component Analysis (PCA).
PCA scores for principal components 1 and 2 (PC-1 and PC-2) are shown for the mean 
and standard error of each core (a). Boxes highlight groups of cores with similar PCA 
scores. PCA loadings (b) show that PC-1 separated samples by source with positive 
loadings for aquatic sources (e.g., aquatic sterols, cholesterol [C27A51, etc.) and negative 
loadings for terrigenous sources (lignin (28), plant sterols, LCFA, etc.). Diacids had the 
most positive loadings on PC-2 and Odd MUFA, BrFA, SCFA and C l8 PUFA had 
negative loadings on PC-2.
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Figure 5-3. Diacid concentrations before and after 1970 for all sediment cores.
Cores are plotted with respect to their distance form the dam, with cores 1 and 6 closest 
to the dam, and cores 8 and 9 furthest from the dam. Error bars represent 1 standard error 
of the mean. The 1970 horizon coincides with the construction of the New Bullards Bar 
dam and the discontinuation of the annual lake level drawdowns in Englebright Lake. 
Shifts in diacid concentrations before vs after 1970 are significant in core 1 (p = 0.002), 
core 6 (p < 0.001).
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Figure 5-4. Profiles of select terrigenous biomarkers in core 7.
Concentrations of biomarkers are significantly greater in core 7 only. The grey shaded 
bar highlights the 1962-1964 flood events in the watershed. Concentrations of lignin 
phenols (28), LCFA, and plant sterols show significant increases during this event (p < 
0.001). Note the concentration of lignin biomarkers is two orders of magnitude higher 
than concentrations of lipid biomarkers.
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Figure 5-5. Profiles of lignin phenols for Englebright Lake cores.
The mean (solid vertical line) and standard error (dotted vertical lines) of 28 values for 
non-event layers are shown for all cores. Grey shaded bars identify the layers where 
statistical increases in 28 concentrations are coincident with flood events in the 
watershed, highlighting the magnitude and differential preservation of flood events 
throughout Englebright Lake.
2000
1980 C ore 4C ore 1
1960
1940 T
2CO
£
0 10 200 1
-  20002000
- 19801980 C ore 8C ore 6 C ore 7
- 19601960
-  19401940
0 22 0 28
28 (mg
10 1
1
163
Figure 5-6. Biplot of ratios of C/V and S/V lignin phenols.
Mean values of C/V and S/V are shown for each core, and error bars represent one 
standard error of the mean. Boxes indicate compositional ranges of gymnosperm woods 
(G), angiosperm woods (A), gymnosperm needles (g), and angiosperm leaves (a) (Goni 
1997, Goni et al. 1998). The biplot shows that signatures from Englebright Lake 
sediments represent a mixture of vascular plant sources.
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Figure 5-7. Climate and discharge records for Englebright Lake (1940-2010).
Annual index Pacific Decadal Oscillation (PDO) (a), multivariate ENSO index (MEI) (b), 
and mean daily discharge (c) from Englebright Lake (USGS gauging station 11418000) 
throughout the history of Englebright Lake. Positive PDO values indicate warm PDO 
phase and negative values show cold PDO phase. La Nina events have low (< -0.5) MEI 
values and El Nino have high (> 0.5) MEI values. Horizontal lines reference 0 (PDO and 
ENSO) and -0.5 and 0.5 (ENSO). Discharge from Englebright Lake responds similarly 
to the natural river discharge, and shown by the comparison the discharge from 
Englebright Lake and from the South Yuba River (shown in blue). Flood events in 
Englebright Lake are identified as periods when mean daily discharge exceeds 1500 m V  
(dashed line), and includes 9 events between 1940 and 2002.
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Table 5-1. Description of events impacting Englebright Lake.
For each large flood event (defined as mean daily discharge > 1500 m3 s '), the mean 
daily discharge (Qd), peak discharge (Qp), and duration is listed. PDO and ENSO phases 
the each event year are also provided.
Year Event Qd(m3 s ')
a. 'w
O
^g Duration(days)
PDO
Phase ENSO
2002 USGS Coring Campaign
1997 Flood 3794 3821 5 warm El Nino
1986 Flood 2469 2030 4 warm El Nino
1970 Annual lake level drawdowns cease
1970 Flood 2163 2663 4 neutral La Nina
1964 Flood 3511 4839 6 cold La Nina
1963 Flood 2801 4245 2 cold neutral
1962 Flood 1903 na 2 cold La Nina
1960 FHood 1770 2434 1 neutral neutral
1955 Flood 3455 4188 3 cold La Nina
1950 Flood 1853 3085 3 cold La Nina
1940
1848
Englebright Dam 
Completed 
Start of 
Gold Mining
166
Table 5-2. List of biomarker variables used in Principal Components Analysis.
Variable Biomarker Source Reference
PUFA
16:2+16:3+16:4+20:2+
20:3to(63)+20:4<o(63)+20:5co3+22
:2+22:5o)3+22:6u)3
Labile
Phytoplankton
(Volkman et al. 1989, 
Canuel 2001)
SCFA 12:0+14:0+16:0+18:0 Algal (Canuel and Martens 1993)
Aquatic Sterols Cholesta-5 ,22-dien-3p-ol+ Diatoms, (Goad and Withers
27-nor-24-cholesta-5,22-dien-3 p-ol dinoflagellates 1982, Volkman 1986)
C^A5-22 Brassicasterol Diatoms (Volkman 1986)
c 27a5 Cholesterol
Zooplankton, 
algae (trace)
(Volkman et al. 1987, 
Volkman 2003)
C16:l 16:1 co9+16:10)7+16:1 w5
Phytoplankton 
and bacteria
(Volkman et al. 
1980)
C18:lw9t 18:lo)9t
Green algae, 
higher plants
(Volkman et al. 
2008)
C18:1 w9c 18:lo)9c
Green algae, 
higher plants
(Volkman et al. 
2008)
C18:lw7 18:10)7 Fungi and bacteria
(Zelles 1999, Ruess 
and Chamberlain
2010)
C18:lw5 18:lo)5
Fungi and 
bacteria
(Zelles 1999, Ruess 
and Chamberlain 
2010)
Odd MUFA 15:1 + 17:1 + 19:1 Bacteria (Volkman et al. 1980)
(Volkman et al. 1980,
BrFA i 15+a 15+i 17+a 17+i 19+a 19 Bacteria Canuel and Martens 
1993)
c 18p u f a 18:2o)6+18:3o)6+18:3o)3+18:4
Higher plants, 
fungi (Zelles 1999)
Diacids 14a,o)+16a,o)+ 18a,o)+ 
20a,o)+22a,o)+24a,o)
Higher plants (Volkman et al. 1980, Zelles 1999) 
(Zimmerman and
LCFA 22:0+24:0+25:0+26:0+27:0+28:0+29:0+30:0 Higher plants
Canuel 2001, 
Waterson and Canuel 
2008)
Plant Sterols Stigmasterol+Campesterol+Sitosterol Higher plants
(Huang and 
Meinschein 1979,
Volkman etal. 1987)
28
Cinnamyl+Vanillyl+Syringyl
phenols Vascular plants
(Hedges and Mann 
1979)
S/V Syringyl/ Vanillyl phenols Angiosperm vs. gymnosperm
(Hedges and Mann 
1979)
c/v Cinnamyl/Vanillyl phenols Hard vs. soft plant tissue
(Hedges and Mann 
1979)
(AdJAl)v Acid to aldehyde ratios of vanillyl phenols
Degradation of 
plant tissue
(Goni et al. 1993, 
Opsahl and Benner 
1995)
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Table 5-3. List of significant biomarker responses to lake and watershed events.
Mean values for biomarkers in cores and depositional regimes where significant 
differences were measured in response to hydrologic history (i.e., lake level draw-downs) 
or flood events). The table is divided by event type to highlight the biomarkers and cores 
(or bottomset depositional regime [B]) that are responding to each event. Standard 
deviations are reported for every mean, and p-values from one-way Student’s t-test are 
reported for every significant difference. The “normal” classification refers to non-event 
accumulation. BD indicates values that are below detection.
28 
(mg g ')
LCFA 
(Pg g ')
Diacids 
(Pg g ’)
Plant Sterols 
(Pg g ')
Aquatic Sterols 
(ng g ')
Draw-downs
Cl After - - 0.04± 0.12 - -
Before - - 0.83 ± 0.85 - -
p-value - - 0.002 - -
C6 After . - BD _
Before - - 1.09 ± 0.60 - -
p-value - - <0.001 - -
B After _ - . _ 29.61 ±49.91
Before - - - - 8.37 ±5.95
p-value - - - - <0.001
Flood Event
C4 Normal 0.62 ± 0.94 - - - -
Event 7.14 ±5.88 - - - -
p-value 0.008 - - - -
C7 Normal 0.75 ± 1.26 4.64 ± 8.98 _ 3.87 ±6.49 _
Event 31.70 ± 16.89 242.50 ±44.10 - 135.71 ±97.7 -
p-value <0.001 <0.001 - <0.001 -
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Table 5-4. Average biomarker concentrations in each core.
The minimum, maximum, and mean values of select aquatic, bacterial, and terrigenous biomarkers are presented for each core, 
TARfa and (Ad/AI)v are also shown. Concentrations that were below detection are indicated with BD.
Aquatic Bacterial Terrigenous
SCFA PUFA
Aquatic
Sterols c 27a5 BrFA
Odd
MUFA LCFA CixPUFA, Diacids
Plant
Sterols 28“ TARfa (Ad/Al)v
1 min 0.53 0.21 0.01 0.02 0.11 0.09 1.01 0.41 0.29 0.39 0.01 0.09 0.33
max 25.2 0.66 0.27 0.72 5.52 1.46 50.21 28.87 2.37 15.74 0.7 8.15 1.08
mean 4.9 0.43 0.05 0.25 0.92 0.32 7.87 5.97 1.01 3.55 0.2 2.46 0.67
6 min 0.95 BD 0.02 0.00 0.31 0.11 1.58 1.24 0.69 1.71 0.01 0.12 0.42
max 50.87 BD 0.13 0.97 3.91 0.88 24.94 21.34 2.19 20.40 1.08 2.94 0.93
mean 11.12 BD 0.07 0.34 1.4 0.38 12.43 6.41 1.09 8.56 0.36 1.75 0.55
4 min 1.02 0.24 0.02 0.04 0.16 0.07 1.53 0.94 0.32 0.73 0.02 0.32 0.31
max 51.53 74.41 0.13 2.17 5.44 2.26 107.41 51.82 11.43 40.08 18.76 5.03 0.69
mean 12.38 13.2 0.07 0.4 1.08 0.39 18.93 9.33 2.22 11.8 2.8 2.02 0.44
7 min 0.15 0.03 0.14 0.01 0.03 0.04 0.07 0.38 0.04 0.06 0.01 0.04 0.23
max 128.45 0.95 0.14 0.91 5.46 13.54 303.05 211.54 57.06 247.04 54.22 8.34 1.25
mean 13.11 0.23 0.14 0.17 0.69 0.97 26.56 15.56 5.51 17.23 4.41 1.77 0.47
9 min 0.06 3.68 0.06 0.00 0.00 0.02 0.01 0.22 0.01 0.00 0.00 0.02 0.29
max 13.84 3.68 0.06 0.19 2.38 0.63 19.51 10.84 9.55 4.6 1.94 2.65 2.28
mean 2.85 3.68 0.06 0.03 0.31 0.12 2.46 2.32 1.49 0.92 0.16 0.9 0.69
8 min 0.04 BD 0.03 0.00 0.01 0.00 0.03 0.04 0.12 0.01 0.00 0.06 0.23
max 29.03 BD 0.03 0.19 1.92 0.5 56.51 27.83 2.87 31.56 1.74 3.59 3.3
mean 5.28 BD 0.03 0.04 0.4 0.14 5.97 3.97 0.74 4.22 0.3 0.99 0.85
a: All concentrations are in pg g 1, except for 28, which is presented in mg g'1
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The impacts of dams on the transport of sediments and nutrients through rivers have been 
well documented (Friedl and Wuest 2002, Wright and Schoellhamer 2004, Walling 
2006), and within the last 20 years, research has shown that dams and their 
impoundments can be significant global sinks for terrestrial organic carbon (Downing et 
al. 2008, Stallard 2012). These impoundments have profound effects on the global carbon 
cycle, increasing the evasion of C 0 2 and CH4 greenhouse gases from reservoir surfaces in 
aquatic systems (St Louis et al. 2000, Friedl and Wuest 2002), while simultaneously 
decreasing carbon export to the coastal ocean (Stallard 2012). Investigations of the 
downstream impact of dams are numerous (e.g., Kondolf 1997, Wright and Schoellhamer 
2004, Walling 2006, Singer 2007, Canuel et al. 2009), but few studies have focused on 
the organic carbon (OC) accumulation behind dams (Houel et al. 2006, Downing et al. 
2008), and few have used multi-proxy approaches to study organic matter sources. This 
study explored trends in the signatures of OC trapped in Englebright Lake, an 
impoundment in northern California, to: (1) determine organic matter sources to the 
impoundment, (2) examine OC accumulation over spatial and temporal scales, and (3) 
relate OC signatures in the impounded sediments to events in the watershed. This chapter 
will discuss some of the implications of the data presented in this dissertation, limitations 
associated with the data analysis and interpretation, and potential avenues for future 
research.
A comparison of stable carbon and nitrogen isotopes and biomarker signatures between
end-member samples collected from the Yuba River watershed and sediments collected
from Englebright Lake indicated that terrigenous OC sources (i.e., higher plants and
soils) dominated (>55%) OC signatures in Englebright Lake, while the aquatic signatures
were consistent with diatoms and zooplankton. Flood events significantly impacted OC
accumulation in Englebright Lake, and during periods of high discharge, large amounts
of coarse, terrigenous organic matter (i.e., leaves and twigs) accumulated in foreset
deposits near the delta front. Bottomset and topset deposits, while less influenced by
flood events, recorded the impacts of changing hydrologic regime in the lake. Biomarkers
in bottomset sediments shifted toward more aquatic signatures, whereas in the topset
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deposits biomarkers became increasingly terrigenous in response to the construction of an 
upstream dam and the resulting discontinuation of annual lake level draw-downs. Patterns 
in OC accumulation showed that the depositional regimes associated with Gilbert-type 
deltas strongly influenced the distribution of OC, which was higher in bottomset and 
foreset deposits than in topset deposits. However, due to the magnitude of impact from 
flood events, the highest rates of OC accumulation in Englebright Lake were measured in 
foreset deposits.
This dissertation offers the first detailed analysis of organic carbon accumulation in a 
lake in relation to depositional regimes associated with Gilbert-type deltas. OC mass 
accumulation in Englebright Lake is comparable or greater than estimates of OC 
accumulation in other reservoirs (Downing et al. 2008,Tranvik et al. 2009), but the 
source of this OC (i.e., soils and vegetation) suggests more allochthonous inputs in 
Englebright Lake than measured in other reservoirs (Downing et al. 2008). This is likely 
due to low levels of agriculture in the watershed and lower nutrient inputs to Englebright 
Lake compared with the more eutrophic systems that have been studied previously, in 
addition to lower light attenuation resulting from high sediment loads due to hydraulic 
mining activity.
Comparisons to other reservoir systems highlight the massive amount of OC buried in
Englebright Lake, but the total OC buried in Englebright Lake between 1940 and 2002.
However, despite these high rates of OC burial, this only represents two-fold more
carbon than phytoplankton primary productivity in San Francisco Bay during 1980, a
year of especially low productivity (Jassby et al. 1993). However, data from this study
provide information that can be extrapolated to reservoirs throughout California to
compare total reservoir OC accumulation to total primary production derived OC burial
in the San Francisco Bay. Using modeled estimates of sediment accumulation for 69
reservoirs in California (Minear and Kondolf 2009), the average dry bulk density
reported for California sediments (960 kg m 3; Dendy and Champion 1978), and average
total organic carbon content from Englebright Lake sediments, the total mass of OC
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buried in reservoirs across California between 1880 and 2008 is 30.85 Tg OC. Based on 
data from the 3-end-member mixing model in Englebright Lake, at least 18.85 Tg of this 
OC is derived from terrigenous sources.
The amount of OC buried in California reservoirs (~30Tg OC) is similar to estimated OC 
buried in the San Francisco Bay (~22 Tg OC) during the same time period (1880-2008) 
based on the OC mass accumulation rates presented in Jassby et al. (1993). This 
measurement is a conservative estimate since it does not reflect the increasing rates of 
primary production over the last decade in response to climate shifts observed in 1998 
(Cloem and Jassby 2012). However, this comparison shows that the amount of OC 
produced by phytoplankton in the San Francisco Bay is similar to the amount of OC that 
has accumulated behind dams in California. Data from this dissertation suggest that the 
proliferation of dams has had, and will continue to have, significant impacts on global 
carbon cycling. As a result, OC cycling in reservoirs requires more study to predict how 
climate and anthropogenic change will influence the impact of dams on downstream 
environments.
Limitations o f this study and directions for further research
This study offered insights into the impact of dams on the transport and sequestration of
terrestrial organic carbon, and biomarkers describe the responses to anthropogenic and
climate driven events in the watershed. A few limitations associated with the
methodology of this dissertation should be considered when interpreting results of this
analysis. First, the sampling resolution between cores is not equal. Therefore, discussions
about the impact of events being restricted only to a few cores, for example, may be due
to higher resolution in one core that captured the event, while low resolution in another
core missed the event signature. Second, analysis of OC sources depends on literature
values as well as biomarker signatures from end-member sources analyzed from the
watershed. The limited literature on many of the potential sources that characterize the
study system, and evidence that the end-member sampling strategy did not capture all OC
sources, restricted interpretation of the sediment cores. A more thorough investigation of
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local OC sources is needed to more accurately determine how changing biomarker 
signatures reflect the response of OC to events in the watershed. Finally, uncertainty 
associated with plutonium dating profiles may result in misinterpretations of the 
responses of accumulation in sediments to events in the watershed. In order to improve 
the age model, additional chronometers (e.g., organic contaminants such as the pesticide 
dichlorodiphenyltrichloroethane (DDT) with well-established use records) could be 
measured to support accumulation rates calculated from plutonium isotopes (Canuel et 
al., 2009).
Results presented in this dissertation add to the current knowledge of biogeochemical 
cycling of organic carbon in reservoirs by examining sources of aquatic and terrigenous 
OC using biomarkers and relating changes in biomarkers to events in the watershed.
With growing concerns about mitigating impacts from anticipated climate change 
scenarios, there is a need to understand how environmental systems have responded to 
past and current events. Therefore, future research may explore the following topics in 
order to meet this need:
• Investigate the response of terrestrial systems to additional anthropogenic impacts 
(road construction, fire/drought, increasing population density, etc.) using 
different biomarkers (i.e., PAH, carbohydrates, contaminants)
• Develop more robust biomarker signature of aquatic and terrigenous end- 
members that can be applied to lake and freshwater systems
• Determine the role of watershed priming in the response of terrestrial systems to 
large events in order to predict when an event will have a significant impact on 
the transport of water, sediment, and/or nutrient in watersheds
• Quantify carbon accumulation, burial, transformation, and evasion in reservoirs to 
establish the role of dams (i.e., source or sink) in the global carbon cycle
Accumulation in Englebright Lake demonstrates the response of substantial amounts of 
terrestrial organic carbon to multiple events in the watershed, and the sequestration of this
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organic carbon load emphasizes the role of impoundments as terrestrial carbon sinks. 
While the impact of impoundments on the global carbon cycle is just beginning to be 
understood, the demonstrated storage capacity of these systems suggests that they could 
have significant implications for climate mitigation strategies in the future.
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APPENDIX 1: ORGANIC CARBON PROXIES FOR CORE SAMPLES
Values of TOC, TN, C:Na, 613C, and 615N are presented for each sample analyze from the 
six sediment cores collected from Englebright Lake. Each core is presented in a separate 
table, and the depth of each sample is included in these tables. Values below detection are 
indicated with b.d., and samples that were not analyzed for these are indicated with n.a.
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Table Al-1. Organic carbon proxies for Core 1.
Sample ID Depth (m) TOC (%) TN (%) C:Na &13C°  '-T O C 8,5Ntn
1A-1H-1 5-15 0.00 2.15 0.11 20.05 -25.74 2.27
1A-1H-1 35-45 0 3 0 2.39 0.12 19.42 -25.89 1.89
1A-1H-1 65-75 0.60 3.40 0.17 20.23 -25.98 1.20
1D-1H-1 71-81 0.90 1.64 0.10 16.12 -2636 0.92
1D-1H-1 101-111 1.20 0.69 0.05 1338 -26.06 1.32
1D-1H-1 130-137 130 0.82 0.06 14.41 -26.01 2.74
1D-1H-2 21-31 1.80 0.73 0.05 15.43 -26.03 2.13
1D-1H-2 51-61 2.10 0.88 0.06 15.76 -25.97 2.67
1D-1H-2 71-81 2.30 0.74 0.04 17.12 -25.84 0.81
1B-2E-2 24-34 2.70 0.66 0.05 13.05 n.a. n.a.
1B-2E-2 54-64 3.00 0.76 0.06 13.25 -26.11 3.32
1B-2E-2 84-94 3.30 1.32 0.06 21.23 -25.69 3.27
1B-2E-2 114-124 3.60 0.77 0.06 13.36 n.a. n.a.
1B-2E-3 9-19 3.90 0.76 0.05 14.02 -26.17 2.91
1B-2E-3 39-49 4.20 0.74 0.05 13.43 -25.80 2.76
1B-2E-3 69-79 4 3 0 0.71 0.05 1336 -25.97 3.37
1B-2E-3 99-109 4.80 1.68 0.09 18.62 -25.38 2.19
1B-2E-3 129-139 5.10 2.88 0.14 2036 -25.26 2.76
1B-3E-1 9-19 5.40 0.74 0.05 15.97 -24.98 2.20
1B-3E-1 39-49 5.70 1.26 0.07 18.49 -25.20 2.83
1B-3E-1 69-79 6.00 0.41 0.04 9.83 -25.74 3.25
1B-3E-1 99-109 6 3 0 0.39 0.03 112 4 -26.01 3.32
179
Table A1-2. Organic carbon proxies for Core 6.
Sample ID Depth (m) TOC (%) TN (%) C:Na 6 '3C TOc 6 ,5N Tn
6F-IH-1 77-97 0.00 2.18 0.10 22.69 -28.15 -3.04
6F-1H-2 19-39 0.52 3.72 0.17 2130 -2830 -3.68
6E-1H-2 49-69 1.12 2.48 0.10 23.86 -28.06 -3.70
6E-1H-2 119-139 1.82 0.49 0.03 15.27 -28.06 -2.48
6F-2H-1 50-70 2 3 9 2.34 0.09 26.02 -27.20 -2.56
6E-2H-2 43-63 3.12 1.11 0.06 19.93 -27.40 -1.63
6F-2H-2 80-100 3.81 1.46 0.07 20.05 -27.92 -1.72
6F-2H-2 123-143 4.23 1.23 0.06 19.64 -27.31 -1.21
6B-2H-2 35-55 4.62 1.80 0.09 19.85 -27.72 -2.06
6F-3E-1 41-61 5.19 1.98 0.08 24.19 -27.70 -3.44
6E-3E-1 71-91 5.93 1.92 0.09 22.40 -27.42 -1.73
6E-3E-2 38-58 6.82 0.28 0.03 8.25 -28.14 -2 .6 6
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Table A1-3. Organic carbon proxies for Core 4.
Sample ID Depth (m) TOC (%) TN (%) C:Na 8 '3C toc 6 ,sN Tn
4B-1H-1 7-17 0.00 1.14 0.07 15.66 -26.47 1.49
4B-1H-1 17-27 0.10 0.85 0.06 15.12 n a . n.a.
4A-1H-1 33-43 0.60 6.26 0.20 31.96 -27.21 -1.23
4A-1H-1 53-63 0.80 10.00 0 3 4 29.60 -27.68 -2.01
4A-1H-1 63-73 0.90 4.12 0.16 25.92 -28.04 0.94
4A-1H-1 93-103 1.20 2.72 0.15 18.11 -26.78 -0.44
4A-1H-2 13-23 130 2.02 0.09 21.43 -27.46 1.36
4A-1H-2 43-53 1.80 3.37 0.14 24.17 -26.81 -0.31
4A-1H-2 73-83 2.10 3.18 0.16 20.48 -26.25 0.86
4A-1H-2 103-113 2.40 1.15 0.06 17.94 n.a. n.a.
4A-1H-2 133-143 2.70 1.63 0.10 17.08 -27.17 1.59
4B-2H-1 26-36 3.00 1.59 0.09 16.96 -26.91 132
4B-2H-1 56-64 3.30 1.57 0.09 18.24 -26.20 1.09
4B-2H-1 86-95 3.60 1.56 0.08 20.50 n.a. n.a.
4A-2H-2 61-71 3.82 2.85 0.12 24.01 n a . n.a.
4B-2H-1 110-118 3.84 1.92 0.11 17.62 -26.24 0.97
4B-2H-2 18-28 4 2 0 0.87 0.06 14.32 -2634 137
4B-2H-2 48-58 4 3 0 2.23 0.08 29.43 -27.09 0.33
4A-2H-3 17-27 4.80 0.67 0.04 16.21 -26.46 1.87
4A-2H-3 47-57 5.10 0.91 0.05 18.13 -2638 2.04
4A-2H-3 67-77 5 3 0 0.66 0.05 14.47 -26.18 1.45
4A-2H-3 77-87 5.40 0.69 0.04 16.80 n.a. n.a.
4A-2H-3 107-117 5.70 1.48 0.08 18.29 -26.15 1.18
4B-3H-1 17-27 6.00 0.86 0.07 12.48 n.a. n.a.
4B-3H-1 47-57 6 3 0 0.88 0.04
1 8 1
2035 -25.91 1.67
4B-3H-1 74-85 6.60 1.11 0.05 23.22 -25.66 3.76
4B-3H-1 107-117 6.90 6.69 0.22 29.78 -2739 1.86
4A-4H-1 59-69 7 3 0 5.66 0.17 33.22 -26.31 -031
4A-4H-1 89-99 7.60 3.06 0.10 32.09 -26.38 -0.76
4A-4H-2 1-11 7.90 0.94 0.05 1730 -25.26 238
4A-4H-2 31-41 8.20 2.05 0.08 2531 na. na.
4A-4H-2 61-71 8 3 0 5.07 0.17 29.34 -26.13 -0.03
4A-4H-2 91-101 8.80 2.82 0.12 23.74 na. n.a.
4A-4H-2 121-131 9.10 1.99 0.10 19.98 -26.46 1.75
4B-4H-1 61-71 9.40 3.08 0.16 19.00 na. na.
4B-4H-1 91-101 9.70 1.06 0.07 15.27 -2535 1.90
4B-4H-1 121-131 10.00 0.81 0.06 14.11 na. n.a.
4B-4H-2 31-41 10.30 1.47 0.08 1937 na. na.
4B-4H-2 61-71 10.60 2.21 0.10 22.00 -25.88 1.65
4A-5H-2 42-52 10.90 2.74 0.12 22.34 na. n.a.
4A-5H-2 72-82 11.20 2.61 0.12 2131 -26.11 1.03
4A-5H-2 102-112 1130 1.05 0.07 14.30 na. na.
4A-5H-2 132-142 11.80 0.88 0.06 14.75 -25.94 2 2 4
4B-5H-1 75-85 12.20 1.40 0.07 19.06 -25.35 1.83
4B-5H-1 105-115 1230 2.29 0.08 27.41 -25.91 1.29
4B-5H-1 137-147 12.81 2.29 0.09 26.32 n a. na.
4B-5H-2 24-34 13.10 1.58 0.08 18.65 -25.15 3.01
4B-5H-2 54-64 13.40 2.68 0.11 23.69 na. n.a.
4B-5H-2 84-94 13.70 0.56 0.04 14.45 na. n.a.
4B-5H-2 114-124 14.00 0.76 0.05 15.31 -25.90 2.22
4B-5H-2 140-150 14.26 1.27 0.07 17.67 -25.87 1.83
4B-6H-1 23-33 14.60 0.17 0.02 7.90 -26.10 4.15
4B-6H-1 53-63 15.00 0.25 0.02 12.15 -24.74 1.32
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Table Al-4. Organic carbon proxies for Core 7.
Sample ID Depth (m) TOC (%) TN (%) C:Na S,3C°  '-TOC S ' X n
7C-1H-1 27-37 0.00 0.25 0.01 17.31 -24.79 0.88
7C-1H-2 60-70 0.33 2.99 0.09 31.87 -25.93 -0.78
7C-1H-1 77-87 0.50 1.46 0.04 33.12 -27.24 -0.86
7C-1H-2 110-120 2.00 0.05 0.01 8.49 na. n a .
7C-2H-1 39-49 2 3 0 0.05 0.00 22.17 na. na.
7C-2H-1 109-119 3.20 0.45 0.02 2934 -25.83 -0.57
7C-2H-2 9-19 3.70 0.07 0.01 6.63 n a. n.a.
7C-2H-2 59-69 4.20 0.15 0.01 1387 -25.74 -0.94
7A-2H-2 32-42 4.70 1.04 0.03 32.68 -26.34 1.61
7A-2H-2 82-92 5.20 2.59 0.11 24.03 -27.16 1.39
7C-3H-1 66-76 5.70 1.87 0.10 19.49 -26.41 1.14
7C-3H-1 124-134 6.20 2.01 0.10 20.35 na. n a .
7C-3H-2 25-35 6.70 0.52 0.02 23.40 -25.72 333
7C-3H-2 95-105 7.20 1.83 0.05 3538 na. n a .
7C-3H-2 125-135 7.70 0.34 0.02 14.17 -25.37 0.06
7C-4H-1 14-24 8.20 0.68 0.04 16.17 -2634 3.08
7C-4H-2 20-30 8.70 2.05 0.03 62.00 -24.66 1.49
7C-4H-2 66-76 9.20 0.08 0.01 7.62 -19.29 -1.01
7C-4H-3 37-47 9.70 0.10 0.01 6.59 -20.68 -137
7C-4H-3 87-97 10.20 0.86 0.05 17.12 -25.90 2.77
7A-4H-2 44-54 10.70 0.26 0.01 18.36 -24.44 -0.02
7A-4H-2 94-104 11.20 30.24 0 3 7 53.47 na. n a .
7C-5H-1 78-88 11.70 1.92 0.06 3231 -2535 -0 3 7
7C-5H-1 128-138 1220 17.86 0.41 44.08 na. n.a.
7C-6H-1 20-30 12.70 17.15 0 3 9 29.02 -27.79 -0.06
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7C-6H-1 70-80 13.20 12.26 0 3 0 24.49 -2639 -132
7C-6H-1 120-137 13.70 3.13 0.12 26.04 -27.13 2.09
7C-6H-2 19-29 1420 0.07 0.02 3.30 na. na.
7C-6H-2 69-79 14.70 0.14 0.02 8.26 -20.21 -0.46
7C-6H-2 119-129 15.20 1.61 0.06 2530 na. n a .
7C-7H-1 20-30 15.70 0.82 0.03 25.38 -25.23 0.32
7C-7H-1 60-70 1620 0.12 0.02 6.37 na. n.a.
7C-7H-1 110-120 16.70 0.28 0.02 12.32 -24.07 -2.03
7C-7H-2 25-35 17.20 0.11 0.02 6.30 -2235 -0.98
7C-7H-2 75-85 17.70 3.89 0.12 33.82 -25.79 -0 3 7
7C-7H-2 110-120 18.20 1.27 0.06 21.08 na. na.
7C-8H-1 20-30 18.70 0.30 0.02 12.75 -23.69 -0 3 0
7C-8H-1 70-80 19.20 0.31 0.02 17.82 -2433 -0.73
7C-8H-1 116-126 19.66 0.78 0.05 16.41 na. n.a.
7C-9H-2 33-43 20.20 0.64 0.03 22.62 -2431 0.19
7C-9H-2 73-83 20.60 0.15 0.02 8 3 0 -20.30 -1.86
7C-9H-2 83-93 20.70 0.17 0.03 5.65 na. n.a.
7C-9H-2 132-142 21.19 1.89 0.09 2030 -25.94 0.85
7C-9H-3 38-48 21.70 1.43 0.10 14.96 na. n.a.
7C-9H-3 88-98 22.20 1.34 0.09 1535 na. n.a.
7C-10H-1 25-35 22.70 0.27 0.02 10.91 -24.45 -0.11
7C-10H-1 75-85 23.30 0.41 0.04 9.63 na. na.
7C-10H-1 125-135 23.70 1.67 0.04 38.76 -25.42 -0.08
7C-10H-2 30-40 24.20 0.57 0.04 15.64 -24.92 0.06
7C-1 OH-2 70-80 24.70 0.91 0.07 13.20 na. n.a.
7C-10H-2 120-130 25.17 1.13 0.07 1538 -26.29 2.13
7C-11H-1 10-20 25.70 0.92 0.06 15.28 na. na.
7C-11H-1 60-70 26.20 0.75 0.05 14.71 -26.19 2.49
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7C-11H-2 22-32 26.70 0.94
7C-UH-2 72-82 27.20 0.87
7C-11H-2 120-130 27.68 1.11
7C-12H-1 6-16 28.20 0.35
7C-12H-1 56-66 28.70 1.29
7C-12H-1 116-126 29.20 0.95
7C-12H-2 24-34 29.70 0.52
7C-12H-2 74-84 30.20 1.35
7C-12H-2 124-134 30.70 1.60
7C-13H-3 23-33 31.70 0.78
7C-13H-3 73-83 32.20 0.19
0.07 14.24 -25.81 1.84
0.07 12.71 na. n.a.
0.06 17.58 -26.61 1.91
0.04 9.37 na. n.a.
0.05 26.62 -25.25 1.25
0.08 11.63 na. n a .
0.05 1127 -25.01 3.32
0.09 14.81 na. n.a.
0.10 16.59 -26.74 2.64
0.08 9.40 na. na.
0.03 5.42 -25.50 0 2 4
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Table A1-5. Organic carbon proxies for Core 9.
Sample ID Depth (m) TOC (%) TN (%) C:Na 6,3Ctoc 6,5Ntn
9A-1H-1 12-32 0.00 0.32 0.01 30.20 -26.01 b.d.
9A-1H-1 82-102 0.53 0.33 0.01 23.85 -2636 b.d.
9C-1H-2 65-85 1.23 0.06 b.d. b.d. -26.06 b.d.
9C-1H-2 115-135 1.93 0.32 0.02 18.69 -26.02 b.d.
9C-2H-1 15-35 2 3 7 2.38 0.15 16.02 -26.03 2.68
9C-2H-1 85-105 3 3 0 0.10 b.d. b.d. -28.27 b.d.
9C-2H-2 47-67 4.05 0.07 b.d. b.d. -25.41 b.d.
9C-2H-2 117-137 4.73 0.99 0.05 19.46 -22.92 -035
9C-3H-1 27-47 5.46 0.07 0.01 8.27 -22.03 b.d.
9A-3H-1 98-118 5.93 0.08 0.01 1231 n .a . n .a .
9A-3H-2 57-77 6.93 0.10 0.01 15.22 -21.67 b.d.
9A-3H-2 111-131 733 0.08 0.01 10.78 -1939 b.d.
9C-4H-1 33-53 8.25 0.09 b.d. b.d. n.a. n.a.
9C-4H-2 16-36 8.94 0.09 b.d. b.d. -22.47 b.d.
9C-4H-2 86-106 9.64 0.05 b.d. b.d. n .a . n .a .
9A-5H-1 61-81 10.33 0.09 b.d. b.d. -2535 6.78
9A-5H-2 16-36 11.03 0.04 b.d. b.d. n.a. n.a.
9A-5H-2 86-106 11.73 0.04 b.d. b.d. -24.69 -031
9C-6H-1 52-72 1233 0.06 b.d. b.d. -21.37 -3.87
9C-6H-2 24-44 13.13 0.11 b.d. b.d. -26.24 b.d.
9C-6H-2 94-114 13.85 0.05 b.d. b.d. n .a . n .a .
9A-8H-2 70-90 14.63 0.09 b.d. b.d. -23.80 -3.87
9C-7H-1 33-53 15.34 0.25 0.01 19.30 -20.67 b.d.
9C-7H-1 103-123 16.03 1.10 0.05 2030 -22.15 -1.61
9A-9H-2 40-60 1633 1.04 0.05 20.14 -22.22 -135
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9A-9H-2 80-100 1733 0.95
9C-8H-1 16-36 18.13 1.12
9C-8H-1 106-136 19.03 1.82
9C-8H-4 46-66 19 M 0.88
9A-10H-3 13-33 20.72 0.35
9A-10H-3 83-103 20.83 1.27
9C-9H-3 41-61 22.18 0.24
9C-9H-3 110-130 22.82 0.23
0.05 18.73 -22.03 -1.24
0.05 22.54 -2231 -1.73
0.07 25.72 -2127 -2.45
0.05 17.02 -22.84 -138
0.03 1034 -22.92 2.73
0.08 16.96 -22.91 -2.05
0.02 12.65 -2035 b.d.
0.02 11.36 -2236 b.d.
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Table Al-6. Organic carbon proxies for Core 8.
Sample ID Depth (m) TOC (%) TN (%) C:Na  ^ c TOC 515Ntn
8A-1H-2 0-20 0.00 0.76 0.04 17.49 -25.89 1.89
8A-1H-2 79-90 0.69 0.05 b.d. b.d. -25.86 1.20
8A-1H-3 51-71 1.40 0.06 b.d. b.d. -26.11 3 3 2
8A-1H-3 140-155 2.19 0.73 0.04 18.43 -25.69 b.d.
8A-2H-1 8-28 2.90 0.04 0.00 29.67 -29.07 b.d.
8A-2H-2 40-55 3.60 2.09 0.06 3638 -2526 b.d.
8A-2H-2 110-130 4.30 0.14 b.d. b.d. -25.80 2.76
8B-2H-1 100-120 5.00 0.21 0.02 12.28 na. n a .
8B-2H-2 48-68 5.70 0.10 b.d. b.d. -25.97 3.37
8B-2H-2 118-133 6.38 0.08 b.d. b.d. na. n.a.
8B-3H-1 56-76 7.80 0.09 0.00 52.88 -27.05 b.d.
8B-3H-2 43-63 8 3 0 0.27 b.d. b.d. -25.28 2.86
8B-3H-2 93-113 9.00 0.05 b.d. b.d. -25.13 2.80
8C-3H-1 15-35 12.10 0.04 b.d. b.d. -25.74 3.25
8C-3H-2 78-98 12.80 0.03 b.d. b.d. -27.88 b.d.
8C-4H-1 54-74 1430 0.20 b.d. b.d. na. n.a.
8C-4H-1 114-134 15.10 0.17 b.d. b.d. n a . n.a.
8C-4H-2 43-58 15.78 1.09 0.05 23.48 -24.98 b.d.
8C-4H-2 113-133 1630 1.78 0.05 34.26 -26.01 b.d.
8C-5H-1 52-72 17.40 0.21 b.d. b.d. na. n a .
8C-5H-2 22-42 18.20 0.85 0.03 30.85 -27.44 b.d.
8C-5H-2 102-118 18.98 0.23 b.d. b.d. -24.91 b.d.
8C-6H-1 27-47 20.40 0.20 0.01 25.61 -2936 3 3 9
8C-6H-1 97-117 21.10 0.22 b.d. b.d. na. na.
8C-6H-3 20-40 21.80 2.84 0.11 26.97 -26.99 -0.37
8A-14H-2 3-23 22.50 0.06 b.d. b.d. -30.88 b.d.
8A-14H-2 73-93 23.20 0.10 0.01 8.97 -28.86 b.d.
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APPENDIX 2: FATTY ACID BIOMARKERS FOR CORE SAMPLES
Values of long chain fatty acids (LCFA), short chain fatty acids (SCFA), C18 and C20+22 
polyunsaturated fatty acids (PUFAs), branched fatty acids (BrFA), and diacids are 
presented as a percent of the total fatty acid (FA) content for each sample analyze from 
the six sediment cores collected from Englebright Lake. The total FA is reported in mg g 
1 and the TARfa is shown for each sample as well. Each core is presented in a separate 
table. Values that are below detection are indicated with b.d., and samples that were not
analyzed for these are indicated with n.a.
189
Table A2-1. Fatty acid biomarkers for Core 1.
Sample ID LCFA SCFA C,8 PUFA PUFA BrFA Diacids TotalFA TARfa
1A-1H-1 5-15 36.68 18.24 3.82 b.d. 4.68 b.d. 31.21 1.95
1A-1H-1 35-45 36.81 23.46 3.10 b.d. 4.64 b.d. 35.70
1195
1.60
1A-1H-1 65-75 42.01 17.41 2.42 b.d. 4.62 b.d. 3 2.22
1D-1H-1 71-81 37.21 19.13 3.79 b.d. 4.77 b.d. 26.74 150
1D-1H-1 101-111 34.92 19.01 2.31 b.d. 3.93 b.d. 7 5 8 1.84
1D-1H-1 130-137 n.a. na. na. na. n.a. na. n a . n a .
1D-1H-2 21-31 28.45 11.70 1.71 b.d. 351 b.d. 5.32 2.43
1D-1H-2 51-61 35.53 10.88 156 b.d. 4.10 b.d. 7.38 2 5 9
1D-1H-2 71-81 n.a. na. na. na. n.a. na. n a . n a .
1B-2E-2 24-34 37.82 14.09 3.91 b.d. 3.48 b.d. 10.83 2.23
1B-2E-2 54-64 33.95 17.74 3.03 b.d. 2.19 b.d. 15.18 1.73
1B-2E-2 84-94 32.09 21.79 3.80 b.d. 4.44 b.d. 20.89 155
1B-2E-2 114-124 20 5 4 33.45 3.15 b.d. 2.76 b.d. 16.47 0.86
1B-2E-3 9-19 31.88 4.01 2 5 2 b.d. 3.00 3.16 14.09 5.44
1B-2E-3 39-49 32.46 3.98 2.16 b.d. 2.60 4.10 14.98 5 5 6
1B-2E-3 69-79 7.29 3.57 0 5 8 0.45 0.23 0.63 46.57 1.76
1B-2E-3 99-109 1055 6.76 0.98 0.70 1.66 1.80 93.98 159
1B-2E-3 129-139 13-52 6.26 0.69 b.d. 1.46 3.58 66.32 1.83
1B-3E-1 9-19 10.94 3.53 0.64 b.d. 159 1.57 27.87 2.49
1B-3E-1 39-49 3957 3.26 2.14 b.d. 2.31 5.05 23.57 8.15
1B-3E-1 69-79 3.47 12 h i 0.32 b.d. 2.27 b.d. 34.70 0.09
1B-3E-1 99-109 24.09 12.70 0.99 b.d. 6.97 b.d. 4.18 1.44
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Table A2-2. Fatty acid biomarkers for Core 6.
Sample ID LCFA SCFA C 1B PUFA PUFA BrFA Diacids TotalFA TARfa
6F-1H-1 77-97 17.74 b.d. 2.03 b.d. 3.71 b.d.
105.3
3 0 3 6
6F-1H-2 19-39 38.14 b.d. 2 3 8 b.d. 4.71 b.d. 65.40 1.95
6E-1H-2 49-69 41.14 b.d. 3 3 9 b.d. 4.56 b.d. 42.05 2.30
6E-1H-2 119-139 23.59 b.d. 1.96 b.d. 4.14 b.d. 7 3 2 1.32
6F-2H-1 50-70 49.04 b.d. 1.36 b.d. 3.08 b.d. 35.70 2.92
6E-2H-2 43-63 34.78 b.d. 1.60 b.d. 4.64 b.d. 11.02 1.99
6F-2H-2 80-100 25.62 3.48 1.05 b.d. 2.16 3.48 19.61 0.94
6F-2H-2 123-143 21.31 135 0.30 b.d. 1.18 1.35
101.2
0 2.79
6B-2H-2 35-55 24.14 133 0.28 b.d. 1.30 133 44.26 2.94
6F-3E-1 41-61 41.15 2.27 0.67 b.d. 3.28 2.27 32.82 1.77
6E-3E-1 71-91 35.87 2.44 1.63 b.d. 3.60 2.44 35.39 1.38
6E-3E-2 38-58 3.77 5.20 0.48 b.d. 3.34 5.20 42.01 0.12
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Table A2-3. Fatty acid biomarkers for Core 4.
Sample ID LCFA SCFA C18 PUFA PUFA BrFA Diacids TotalFA TARfa
4B-1H-1 7-17 34.47 2.44 2.08 21.97 2.91 5.83 17.64 1.73
4B-1H-1 17-27 10.69 2.49 1.48 b.d. 138 2.49 39.48 0.98
4A-1H-1 33-43 31.94 7.69 2.18 21.87 136 5.61 203.87 1.76
4A-1H-1 53-63 21.50 2.67 186 b.d. 2.17 2.67 90.20 0.91
4A-1H-1 63-73 1880 2.86 2.73 b.d. 1.60 2.86 142.13 1.24
4A-1H-1 93-103 45.23 5.72 1.49 26.32 1.84 5.60 66.32 3.09
4A-1H-2 13-23 n.a. n a . na. na. na. na. na. n a .
4A-1H-2 43-53 16.02 1.18 2.02 b.d. 131 1.18 141.% 0.77
4A-1H-2 73-83 41.46 6.66 183 30.03 2 8 9 5.91 5538 2.92
4A-1H-2 103-113 10.58 1.97 0.76 b.d. 1.21 1.97 5538 081
4A-1H-2 133-143 n.a. na. na. n a . n a . na. 0.00 n a.
4B-2H-1 26-36 n.a. na. na. n a . n a . na. 0.00 n a.
4B-2H-1 56-64 11.26 1.91 b.d. b.d. 1.89 1.91 63.76 0 8 6
4B-2H-1 86-95 n.a. na. na. n a . n a . na. n a . n a .
4A-2H-2 61-71 18.48 1.59 0 8 4 b.d. 1.31 139 112.09 1.40
4B-2H-1 110-118 4285 5.77 1.96 29.70 2.50 7.64 30.38 2.79
4B-2H-2 18-28 49.65 3.34 1.26 35.66 1.86 9.75 14.24 3.46
4B-2H-2 48-58 n.a. na. na. n a . n a . n a . na. n a .
4A-2H-3 17-27 n.a. na. n a . na. n a . n a . na. n a .
4A-2H-3 47-57 8.09 1.25 0.29 b.d. 0.68 125 39.15 0 8 0
4A-2H-3 67-77 3.79 0.92 0.50 b.d. 0.84 0.92 57.41 0.32
4A-2H-3 77-87 n.a. na. na. na. na. n a . na. n a .
4A-2H-3 107-117 43.65 3.76 187 46.44 3.10 1038 14.80 189
4B-3H-1 17-27 6.51 0.80 b.d. b.d. 0.77 0.80 39.86 0.66
4B-3H-1 47-57 n.a. na. na. na. na. na. na. n a .
4B-3H-1 74-85 37.48 3.46 2.90 b.d. 2.64 3.46 25.28 2 3 6
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4B-3H-1 107-117 42.08 2.19 2.03 b.d. 2.13 2.19 255.22 2.60
4A-4H-1 59-69 40.49 8.78 1.13 16.93 132 5.17 192.10 3.49
4A-4H-1 89-99 47 3 2 9.13 0.95 33.21 1.44 5.16 68.69 3.80
4A-4H-2 1-11 44.84 3.81 2.46 65.70 2.49 15.77 7.30 3.03
4A-4H-2 31-41 n.a. na. na. na. na. na. na. na.
4A-4H-2 61-71 na. na. na. na. na. na. na. na.
4A-4H-2 91-101 26.58 2.30 0.55 b.d. 1.85 2.30 4 9 3 4 127
4A-4H-2 121-131 46.97 5.38 1.36 23.37 2.95 7.67 25.48 233
4B-4H-1 61-71 43.29 6.60 1.33 28.85 2.67 7.40 27.88 2.44
4B-4H-1 91-101 58.95 2.31 0.65 b.d. 1.88 2.31 18.84 5.03
4B-4H-1 121-131 n.a. na. na. na. n a . na. na. na.
4B-4H-2 31-41 46.96 2.84 0.60 b.d. 2.39 2.84 53.49 2.81
4B-4H-2 61-71 n.a. na. na. na. na. na. na. na.
4A-5H-2 42-52 37.95 3.54 132 b.d. 2.42 3 3 4 75.82 1.65
4A-5H-2 72-82 5021 4.02 0.70 0 3 9 1.77 4.02 68.02 3.11
4A-5H-2 102-112 19.63 2.65 1.08 0 3 0 1.71 2.65 45.32 0 3 8
4A-5H-2 132-142 35.48 4.88 2.42 b.d. 1.91 4.88 21.63 1.72
4B-5H-1 75-85 34.66 4.34 0.69 b.d. 2.70 4.34 13.68 1.55
4B-5H-1 105-115 49.37 6.80 1.00 27.44 1.97 7.66 29.55 3.01
4B-5H-1 137-147 n a. na. n a . n a . na. na. n a . na.
4B-5H-2 24-34 na. na. na . na. na. na. n a . n a .
4B-5H-2 54-64 38.80 3.11 0.48 b.d. 1.67 3.11 48.20 1.62
4B-5H-2 84-94 na. na. n a . na. na. na. na. n a .
4B-5H-2 114-124 52.56 3.98 1.82 23.03 134 7.97 1338 3.06
4B-5H-2 140-150 27.75 4.75 1.28 b.d. 2.48 4.75 16.55 0.99
4B-6H-1 23-33 na. na. n a . na. na. na. na. n a .
4B-6H-1 53-63 20.72 3.30 1.37 22.36 2.22 7.96 7.41 1.97
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Table A2-4. Fatty acid biomarkers for Core 7.
Sample ID LCFA SCFA C l8 PUFA PUFA BrFA Diacids TotalF t a r f/
7C-1H-1 27-37 13.43 3519 2.16 0.60 0.63 3.59 4.98 0.69
7C-1H-2 60-70 29-52 4.21 3.92 0.47 0.81 4.21 41.87 1.45
7C-1H-1 77-87 18.42 3.05 8.85 0.26 031 3.05 50.82 1.29
7C-1H-2 110-120 3.49 2.73 1.26 b.d. 0 3 3 2.73 533 0.12
7C-2H-1 39-49 n a. n a . na. n.a. n.a. n a . na. na.
7C-2H-1 109-119 23.33 5-59 3.17 b.d. b.d. 5.59 16.19 1.59
7C-2H-2 9-19 n a. na. na. n.a. n.a. na. n.a. na.
7C-2H-2 59-69 na. na. na. n.a. n.a. n a . na. na.
7A-2H-2 32-42 20.27 2.89 4.06 0.93 1.43 2.89 20.03 1.12
7A-2H-2 82-92 10.99 1.19 1.48 0.26 1.42 1.19 107.09 0.32
7C-3H-1 66-76 44.84 1.29 2.56 b.d. 1.46 1.29 47.46 2.66
7C-3H-1 124-134 29.01 0.30 331 b.d. 1.71 0.30 48.06 1.24
7C-3H-2 25-35 23.23 b.d. 1.92 b.d. 1.91 b.d. 3.87 1.22
7C-3H-2 95-105 16.87 3.84 3.44 0.41 1.11 3.84 114.40 0.68
7C-3H-2 125-135 n a. na. na. n.a. n.a. n a . na. na.
7C-4H-1 14-24 36.69 b.d. 1.86 b.d. 1.87 b.d. 10.03 1.79
7C-4H-2 20-30 21 5 4 4 3 5 6.14 0.35 1.90 4.35 14.41 1.27
7C-4H-2 66-76 1.07 b.d. 8.67 b.d. 1.31 b.d. 6.88 0.04
7C-4H-3 37-47 n a. na. na. na. n a . n a . na. na.
7C-4H-3 87-97 33.97 635 b.d. b.d. 2.41 6.55 7.74 2.18
7A-4H-2 44-54 20.09 035 1.57 b.d. 1.06 0.55 7.68 1.02
7A-4H-2 94-104 34.16 4 3 7 1.44 b.d. 0.75 4.57 586.06 1.68
7C-5H-1 78-88 12-55 6.21 2.45 0.29 0.68 6.21 82.63 1.42
7C-5H-1 128-138 43.44 5.14 1.45 0.17 0.97 5.14 561.80 3.82
7C-6H-1 20-30 42.45 3.99 2.96 b.d. 0.73 3.99 713.83 2.43
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7C-6H-1 70-80 26.74 63 5 b.d. b.d. b.d. 6.85 832.64 4.25
7C-6H-1 120-137 5123 1.28 1.26 b.d. 0.96 1.28 116.06 3.11
7C-6H-2 19-29 na. na. na. na. n.a. na. na. na.
7C-6H-2 69-79 6.26 731 1.08 b.d. 1.41 7.51 5.62 0.29
7C-6H-2 119-129 na. na. na. na. n.a. na. na. na.
7C-7H-1 20-30 36.56 2.05 2.93 b.d. 1.82 2.05 16.49 1.93
7C-7H-1 60-70 6.75 8.29 5.50 b.d. b.d. 8.29 2.89 0.28
7C-7H-1 110-120 17.72 1.35 2.62 b.d. 1.36 1.35 10.61 1.08
7C-7H-2 25-35 na. na. na. na. na. na. na. na.
7C-7H-2 75-85 3.76 10.08 0.48 0 2 9 0.67 10.08 91.92 0.32
7C-7H-2 110-120 na. na. na. na. n.a. na. n.a. na.
7C-8H-1 20-30 na. na. na. n.a. n.a. na. na. na.
7C-8H-1 70-80 5.80 32.98 b.d. b.d. b.d. 32.98 33.17 8.34
7C-8H-1 116-126 23.27 3.97 3.48 0.76 1.61 3.97 15.57 1.37
7C-9H-2 33-43 na. na. na. na. na. na. na. na.
7C-9H-2 73-83 3 3 7 b.d. 0.91 b.d. 130 b.d. 4.16 0.17
7C-9H-2 83-93 2.30 21.01 b.d. b.d. b.d. 21.01 24.13 2.29
7C-9H-2 132-142 53 3 9 b.d. 1.26 b.d. 180 b.d. 37.16 3.19
7C-9H-3 38-48 4 6 2 4 b.d. 0.91 b.d. 1.15 b.d. 20.07 2.61
7C-9H-3 88-98 na. na. na. na. n.a. na. na. na.
7C-10H-1 25-35 28.78 b.d. 2.05 b.d. 1.32 b.d. 8.26 1.24
7C-10H-1 75-85 na. na. na. na. na. na. n.a. na.
7C-10H-1 125-135 38.74 2.77 3.76 0.23 0.92 2.77 43.43 3.67
7C-10H-2 30-40 35.16 b.d. 1.55 b.d. 1.08 b.d. 7.91 1.81
7C-1 OH-2 70-80 na. na. na. na. n.a. na. n.a. na.
7C-10H-2 120-130 4431 b.d. 1.05 b.d. 1.41 b.d. 9.62 2 8 7
7C-11H-1 10-20 83 3 335 b.d. b.d. b.d. 3.55 34.15 1.88
7C-11H-1 60-70 23.20 7.20 1.91 b.d. b.d. 7.20 9.03 0.93
195
7C-11H-2 22-32 18.76 6.62 2.90 1.01 1.31 6.62 12.20 0.64
7C-11H-2 72-82 30.56 4.92 1.18 b.d. 2.34 4.92 8.82 1.18
7C-11H-2 120-130 28.17 2.71 0.75 b.d. 2.37 2.71 12.04 1.04
7C-12H-1 6-16 40.10 b.d. 2.00 b.d. 1.64 b.d. 4.47 2.99
7C-12H-1 56-66 22.08 2.37 2.04 b.d. 2.01 2.37 16.72 0.%
7C-12H-1 116-126 42.40 b.d. 0.56 b.d. 1.23 b.d. 8.79 2.54
7C-12H-2 24-34 na. na . na. na. na. na. na. na.
7C-12H-2 74-84 na. na . na. na. na. na. n.a. na.
7C-12H-2 124-134 na. na . n a . na. na. na. na. na.
7C-13H-3 23-33 47.31 b.d. 1.72 b.d. 1.40 b.d. 5.98 3.66
7C-13H-3 73-83 7.15 35 6 2.09 0.87 1.73 3.56 8.49 0.28
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Table A2-5. Fatty acid biomarkers for Core 9.
Sample ID LCFA SCFA C18 PUFA PUFA BrFA Diacids TotalFA TARfa
9A-1H-1 12-32 28.58 0.19 8.54 b.d. 2.32 0.19 4.07 2.06
9A-1H-1 82-102 27.23 b.d. 5.90 b.d. 1.85 b.d. 6.43 136
9C-1H-2 65-85 14.04 b.d. 4.78 b.d. 0.45 b.d. 0 3 9 1.41
9C-1H-2 115-135 34.43 b.d. 5.47 b.d. 1.72 b.d. 3 3 9 2.65
9C-2H-1 15-35 40.75 b.d. 135 b.d. 3.00 b.d. 47.88 1.85
9C-2H-1 85-105 13.20 b.d. 22.46 b.d. 2.04 b.d. 1.47 0.76
9C-2H-2 47-67 0.70 b.d. 18.61 b.d. 0 3 9 b.d. 1.25 0.05
9C-2H-2 117-137 39.05 b.d. 2.34 b.d. 2 3 9 b.d. 46.30 2.10
9C-3H-1 27-47 3.84 b.d. 12.24 b.d. 138 b.d. 1.64 0 2 8
9A-3H-1 98-118 12.19 b.d. 9.39 b.d. 1.04 b.d. 4.29 0.35
9A-3H-2 57-77 1.12 19.65 b.d. b.d. 3.74 19.65 18.04 0.06
9A-3H-2 111-131 5.80 b.d. 6.06 b.d. 1.94 b.d. 0.85 0.46
9C-4H-1 33-53 n.a. n a . na. n.a. n a . n a . n a . n.a.
9C-4H-2 16-36 0.83 5.34 1.95 b.d. 0.76 5.34 3.71 0.03
9C-4H-2 86-106 2.37 2.41 5.01 b.d. 1.70 2.41 1.06 0.10
9A-5H-1 61-81 20.62 b.d. 15.44 b.d. 0.32 b.d. 1.49 1.40
9A-5H-2 16-36 n.a. na. na. na. n.a. na. na. n a .
9A-5H-2 86-106 n.a. na. na. na. n.a. na. n a . n a .
9C-6H-1 52-72 b.d. 7.75 0.70 b.d. 1.46 7.75 20.39 b.d.
9C-6H-2 24-44 2.26 11.51 b.d. b.d. 1.74 1131 5 3 0 0.12
9C-6H-2 94-114 4.94 8.91 b.d. b.d. 1.06 8.91 5 3 7 0.25
9A-8H-2 70-90 12.38 b.d. 1.62 b.d. 1.42 b.d. 1.65 0.64
9C-7H-1 33-53 29.49 b.d. 2.41 b.d. 2 3 6 b.d. 1.94 1.42
9C-7H-1 103-123 45.42 b.d. 1-57 b.d. 2.60 b.d. 13.02 2.62
9A-9H-2 40-60 31.89 3.98 0.76
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b.d. 2 3 4 3.98 13.17 1.12
9A-9H-2 80-100 16.71 2.20 0.45 b.d. 1.87 2.20 25.63 0.44
9C-8H-1 16-36 35.75 2.25 0.91 b.d. 3.15 2.25 15.32 1.46
9C-8H-1 106-136 3.93 8.29 2.04 b.d. 1.78 8.29 4.32 0.07
9C-8H-4 46-66 n a. na. na. n.a. na. na. n a . n a .
9A-10H-3 13-33 na. na. n a . na. na. na. na. n a .
9A-10H-3 83-103 7.84 b.d. 3.80 27.92 18.75 75.02 12.73 0.02
9C-9H-3 41-61 3.64 b.d. 0.64 b.d. 0.29 b.d. 3.46 0.30
9C-9H-3 110-130 11.78 b.d. 1.34 b.d. 1.48 b.d. 6.65 0.68
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Table A2-6. Fatty acid biomarkers for Core 8.
Sample ID LCFA SCFA CI8 PUFA PUFA BrFA Diacids TotalFA TARfa
8A -1H-2 0-20 34.74 b.d. 4.64 b.d. 2.35 b.d. 23.88 1.72
8A-1H-2 79-90 3.93 b.d. 10.06 b.d. b.d. b.d. 0.72 0.70
8A-1H-3 51-71 15.01 b.d. 1333 b.d. 0.99 b.d. 1.43 1.11
8A-1H-3 140-155 37.39 b.d. 1.64 b.d. 2.16 b.d. 11.69 2.13
8A-2H-1 8-28 3.37 b.d. 4.97 b.d. 1.64 b.d. 0.98 0.20
8A-2H-2 40-55 36.11 b.d. 4.79 b.d. 1.41 b.d. 58.12 3.37
8A-2H-2 110-130 1.93 b.d. 1123 b.d. 1.34 b.d. 1.76 0.09
8B-2H-1 100-120 n.a. na. na. na. na. na. n.a. na.
8B-2H-2 48-68 3.13 b.d. 7.93 b.d. b.d. b.d. 1.21 0.19
8B-2H-2 118-133 2.81 1.76 1.74 b.d. 1.32 1.76 22.22 0.08
8B-3H-1 56-76 8.09 b.d. 3.77 b.d. 1.87 b.d. 0.65 0.86
8B-3H-2 43-63 36.28 b.d. 3.85 b.d. 1.47 b.d. 7.47 3.59
8B-3H-2 93-113 3.48 7.28 1.80 b.d. 1.03 7.28 3.18 0.09
8C-3H-1 15-35 4.07 4.21 0.85 b.d. 032 4.21 2.77 0.09
8C-3H-2 78-98 5.30 10.43 0.65 b.d. 2.47 10.43 1.61 0.11
8C-4H-1 54-74 na. na. na. na. na. na. n.a. na.
8C-4H-1 114-134 n.a. na. na. na. na. na. n.a. na.
8C-4H-2 43-58 40.03 b.d. 3.36 b.d. 1.71 b.d. 43.35 1.58
8C-4H-2 113-133 31.88 4.70 1.07 b.d. 2.31 4.70 61.10 1.15
8C-5H-1 52-72 17.43 2.94 121 b.d. 1.63 2.94 9.75 0.69
8C-5H-2 22-42 25.31 4.81 1.03 b.d. 2 3 7 4.81 10.85 0.93
8C-5H-2 102-118 1.75 2.98 0.69 b.d. 3.76 2.98 44.89 0.06
8C-6H-1 27-47 19.54 b.d. 1.73 b.d. 1.08 b.d. 4.25 0.88
8C-6H-1 97-117 na. na. na. na. na. na. na. n a .
8C-6H-3 20-40 47.26 b.d. 0.74 b.d. 1.60 b.d. 119.58 2.31
8A-14H-2 3-23 14.15 b.d. 031 b.d. 0.76 b.d. 0.83 0.80
8A-14H-2 73-93 233 b.d. 0 3 6 b.d. 0.73 b.d. 7.20 0.08
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APPENDIX 3: STEROL BIOMARKERS FOR CORE SAMPLES
Values of aquatic sterols (27-nor-24-cholesta-5,22-dien-3(3-ol and cholesta-5,22-dien-3p- 
ol), brassicasterol, cholesterol, and plant sterols (campesterol, stigmasterol, and sitosterol) 
are presented as a percent of the total sterol content for each sample analyze from the six 
sediment cores collected from Englebright Lake. Total sterol concnetration is reported in 
mg g Each core is presented in a separate table. Values that are below detection are 
indicated with b.d., and samples that were not analyzed for these are indicated with n.a.
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Table A3-1. Sterol biomarkers for Core 1.
Sample ID Aquatic Sterols Brassicasterol Cholesterol Plant Sterols Total Sterols
1A-1H-1 5-15 0.67 3.47 3.34 7 3 3 2 11.90
1A-1H-1 35-45 0.33 3.22 2.58 75.39 11.79
1A-1H-1 65-75 0.14 2.15 2.15 79.01 19.93
1D-1H-1 71-81 0.58 3.79 6.97 5 9 3 7 10.31
1D-1H-1 101-111 0.52 2.72 5.91 47.81 4 3 0
1D-1H-1 130-137 n.a. na. na. na. na.
1D-1H-2 21-31 0.66 1.65 5.33 52.05 2.08
1D-1H-2 51-61 1.01 2.29 6.91 1531 238
1D-1H-2 71-81 n.a. na. na. n a . na.
1B-2E-2 24-34 1.41 3.22 8.16 43.92 3.29
1B-2E-2 54-64 1.18 3.18 9.38 44.12 3.38
1B-2E-2 84-94 5.59 1.63 4.29 22.70 4.89
1B-2E-2 114-124 0.86 2.71 6.62 55.35 4.28
1B-2E-3 9-19 3.04 3.62 9.15 4 3 3 9 2.12
1B-2E-3 39-49 0.92 3.93 6.07 4 6 3 3 1.96
1B-2E-3 69-79 1.02 3.13 5.63 49.73 2.91
1B-2E-3 99-109 b.d. 2.29 2 3 0 67.28 12.33
1B-2E-3 129-139 b.d. 2.24 1.44 71.31 8.05
1B-3E-1 9-19 1.15 2.87 3.06 52.74 3.71
1B-3E-1 39-49 b.d. 2.03 2.01 62.24 1.10
1B-3E-1 69-79 2.25 6.93 14.64 50.03 1.10
1B-3E-1 99-109 1.10 4.01 20.88 49.45 130
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Table A3-2. Sterol biomarkers for Core 6.
Sample ID Aquatic Sterols Brassicasterol Cholesterol Plant Sterols Total Sterols
6F-1H-1 77-97 b.d. 4 3 4 4.39 91.07 11.05
6F-1H-2 19-39 b.d. 4.61 4.33 91.06 22.41
6E-1H-2 49-69 0.87 4.89 4.35 89.89 14.63
6E-1H-2 119-139 b.d. 5.73 9.15 85.12 2.07
6F-2H-1 50-70 b.d. 2.09 1.06 96.84 14.92
6E-2H-2 43-63 0.43 4.44 0.07 94.78 3.96
6F-2H-2 80-100 b.d. 2.04 235 6732 9.96
6F-2H-2 123-143 b.d. 137 2.30 67 3 0 12.27
6B-2H-2 35-55 b.d. 2.09 22 2 6533 731
6F-3E-1 41-61 b.d. 23 2 2.05 63.49 11.52
6E-3E-1 71-91 b.d. 1.75 1.71 7435 13.49
6E-3E-2 38-58 b.d. b.d. 13.76 63.12 2.70
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Table A3-3. Sterol biomarkers for Core 4.
Sample ID Aquatic Sterols Brassicasterol Cholesterol Plant Sterols Total Ster
4B-1H-1 7-17 0.33 3.66 5.57 66.79 5.06
4B-1H-1 17-27 b.d. 2.84 6.36 74.26 3.81
4A-1H-1 33-43 b.d. 2.04 0.92 86.57 4 6 3 0
4A-1H-1 53-63 b.d. 1.24 1.92 86.43 45.84
4A-1H-1 63-73 b.d. 1.44 3.10 85.49 23.60
4A-1H-1 93-103 b.d. 2.89 3.97 74.81 16.99
4A-1H-2 13-23 na. na. na . na. na.
4A-1H-2 43-53 0.47 1.88 3.08 82.30 2736
4A-1H-2 73-83 b.d. 2.11 1.83 73.70 15.46
4A-1H-2 103-113 b.d. 2.60 7.21 62.51 4.53
4A-1H-2 133-143 na. na. na . na. na.
4B-2H-1 26-36 n.a. na. n a . na. na.
4B-2H-1 56-64 b.d. 2.66 6.11 63.30 5.91
4B-2H-1 86-95 na. na. n a . na. na.
4A-2H-2 61-71 b.d. 2.58 2.92 79.71 25 35
4B-2H-1 110-118 b.d. 2.14 1.93 70.46 10.37
4B-2H-2 18-28 b.d. 1.92 4.78 58.15 3.05
4B-2H-2 48-58 na. na. n a . na. na.
4A-2H-3 17-27 na. na. n a . na. na.
4A-2H-3 47-57 na. na. n a . na. na.
4A-2H-3 67-77 b.d. 2.90 10.77 51.85 2.71
4A-2H-3 77-87 na. na. n a . na. na.
4A-2H-3 107-117 b.d. 1.62 2.63 66.93 6.19
4B-3H-1 17-27 b.d. 2.57 7.51 54.34 3.09
4B-3H-1 47-57 na. na. n a . na. na.
203
4B-3H-1 74-85 na. na. na. na. na.
4B-3H-1 107-117 b.d. 1.21 4.35 78.01 49.96
4A-4H-1 59-69 b.d. 2.47 1.37 82-57 39.15
4A-4H-1 89-99 b.d. 1.49 0.66 82.59 26.03
4A-4H-2 1-11 b.d. 2.11 1.83 57.19 2.38
4A-4H-2 31-41 na. na. na . na. na.
4A-4H-2 61-71 na. na. na. na. n a .
4A-4H-2 91-101 b.d. 1.66 1.64 78.71 27.12
4A-4H-2 121-131 b.d. 1.99 1.70 76.22 16.03
4B-4H-1 61-71 b.d. 1.94 1.53 80.15 11.88
4B-4H-1 91-101 b.d. 1.85 3.56 59.42 4.05
4B-4H-1 121-131 na. na. na. na. na.
4B-4H-2 31-41 b.d. 1.67 2.41 78.36 15.78
4B-4H-2 61-71 na. na. na. na. n a .
4A-5H-2 42-52 b.d. 1.65 3.97 84.18 16.54
4A-5H-2 72-82 b.d. 1.45 3.20 76.24 15.98
4A-5H-2 102-112 b.d. 2.38 6.61 56.42 4.25
4A-5H-2 132-142 b.d. 1.92 8.42 57.83 3.40
4B-5H-1 75-85 b.d. 1.45 2.18 70.74 4.71
4B-5H-1 105-115 b.d. 2.00 1.37 77.32 22.22
4B-5H-1 137-147 na. na. na. na. na.
4B-5H-2 24-34 na. na. na. na. na.
4B-5H-2 54-64 b.d. 1.74 2.08 68.18 12.23
4B-5H-2 84-94 na. na. na. na. n a .
4B-5H-2 114-124 b.d. 1.44 3.76 61.46 3.85
4B-5H-2 140-150 b.d. 1.64 3.62 64.64 3.62
4B-6H-1 23-33 na. na. na . na. n a .
4B-6H-1 53-63 b.d. 0.53 4.13 52.28 1.40
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Table A3-4. Sterol biomarkers for Core 7.
Sample ID Aquatic Sterols Brassicasterol Cholesterol Plant Sterols Total Sterols
7C-1H-1 27-37 b.d. b.d. b.d. 100.00 0.30
7C-1H-2 60-70 b.d. 4 5 2 2.53 92.95 8.56
7C-1H-1 77-87 b.d. 3.11 1.77 95.12 17.48
7C-1H-2 110-120 b.d. b.d. 100.00 b.d. 0.02
7C-2H-1 39-49 na. na. na. na. na.
7C-2H-1 109-119 b.d. 3.56 2.66 93.78 2.23
7C-2H-2 9-19 na. na. na. na. na.
7C-2H-2 59-69 na. na. na. na. na.
7A-2H-2 32-42 b.d. 3.12 3.19 93.69 3.50
7A-2H-2 82-92 b.d. 1.17 1.17 97.66 20.83
7C-3H-1 66-76 b.d. b.d. b.d. 71.57 23.60
7C-3H-1 124-134 b.d. 2 2 0 1.62 71.42 1153
7C-3H-2 25-35 b.d. b.d. b.d. 69.73 0.33
7C-3H-2 95-105 b.d. 2.61 3.39 94.00 13.64
7C-3H-2 125-135 na. na. na. na. na.
7C-4H-1 14-24 b.d. 1.43 0.66 77.14 1.48
7C-4H-2 20-30 b.d. 5.64 17.80 7 6 5 1 0.79
7C-4H-2 66-76 b.d. 5.22 5.13 89.65 0.16
7C-4H-3 37-47 na. na. na. na. na.
7C-4H-3 87-97 b.d. 2.97 3.05 65.91 4.08
7A 4H -2 44-54 b.d. 1.71 0.98 82.18 1.07
7A 4H -2 94-104 b.d. 2.05 0.55 97.40 158.96
7C-5H-1 78-88 b.d. 151 0.53 91.28 25.64
7C-5H-1 128-138 b.d. 0 M 0.56 9858 133.10
7C-6H-1 20-30 b.d. 1.79 0.32 88.05 28057
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7C-6H-1 70-80 b.d. 2.28 1.54 89.26 10.95
7C-6H-1 120-137 b.d. 0.79 0.22 87.90 19.43
7C-6H-2 19-29 na. na. n a . na. na.
7C-6H-2 69-79 b.d. b.d. 13.71 56.46 0.16
7C-6H-2 119-129 na. na. n a . na. n a .
7C-7H-1 20-30 b.d. 0.76 0-58 82.48 8.40
7C-7H-1 60-70 b.d. b.d. 7.06 36.75 1.29
7C-7H-1 110-120 b.d. 2.80 1.87 95.33 1.43
7C-7H-2 25-35 na. na. n a . na. na.
7C-7H-2 75-85 b.d. 0.62 0.81 85.66 27.52
7C-7H-2 110-120 na. na. n a . na. na.
7C-8H-1 20-30 na. na. n a . na. na.
7C-8H-1 70-80 b.d. 0.93 0.96 71.55 1.02
7C-8H-1 116-126 b.d. 1.77 1.43 84.30 2.48
7C-9H-2 33-43 n.a. na. n a . na. n a .
7C-9H-2 73-83 b.d. b.d. 5.96 53.57 0.36
7C-9H-2 83-93 b.d. b.d. 9.63 39.87 0.15
7C-9H-2 132-142 b.d. 1.04 1.49 74.35 7.80
7C-9H-3 38-48 b.d. 0.95 1.29 79.48 5.94
7C-9H-3 88-98 na. na. n a . na. na.
7C-10H-1 25-35 b.d. 0.84 0.80 75.42 1.97
7C-10H-1 75-85 na. na. n a . na. n a .
7C-10H-1 125-135 0.67 1.43 1.09 96.80 20-56
7C-10H-2 30-40 b.d. 0.97 1.40 80.97 3.46
7C-10H-2 70-80 na. na. n a . na. n a .
7C-10H-2 120-130 b.d. 1.39 2.60 64.07 3.54
7C-11H-1 10-20 b.d. 1.83 2.51 52.70 2.49
7C-11H-1 60-70 b.d. 0-57 0.93 79.84 9.40
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7C-11H-2 22-32 b.d. b.d. b.d. 41.74 0.%
7C-11H-2 72-82 b.d. 2.08 3-54 49.32 20.89
7C-11H-2 120-130 b.d. 1.64 2.08 59.68 3.61
7C-12H-1 6-16 b.d. 2.50 4.66 12.95 1.40
7C-12H-1 56-66 b.d. 3.71 3.80 92.48 2.85
7C-12H-1 116-126 b.d. 2.28 3.25 77.38 0.37
7C-12H-2 24-34 na. na. na. na. na.
7C-12H-2 74-84 na. na. na. na. na.
7C-12H-2 124-134 na. na. na. na. na.
7C-13H-3 23-33 b.d. 4.08 2.23 49.10 1.18
7C-13H-3 73-83 b.d. b.d. b.d. b.d. 0.40
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Table A3-5. Sterol biomarkers for Core 9.
Sample ID Aquatic Sterols Brassicasterol Cholesterol Plant Sterols Total Ste
9A-1H-1 12-32 bxl. 1.06 0.75 90.64 1.15
9A-1H-1 82-102 b.d. 0.66 0.92 91.82 2.49
9C-1H-2 65-85 b.d. 9.76 5.37 23.40 0.02
9C-1H-2 115-135 b.d. 0.56 0.38 88.60 0.90
9C-2H-1 15-35 1.01 2.35 3.12 77.62 5.93
9C-2H-1 85-105 b.d. 10.65 10.87 78.48 0.17
9C-2H-2 47-67 b.d. 29.32 13.16 42.18 0.03
9C-2H-2 117-137 b.d. 0.98 0.85 78.61 4.98
9C-3H-1 27-47 b.d. 2.16 5.63 52.94 0.04
9A-3H-1 98-118 b.d. 4.64 6.93 61.29 0.11
9A-3H-2 57-77 n a . n a . na. na. na.
9A-3H-2 111-131 b.d. b.d. 13.19 76.64 0.05
9C-4H-1 33-53 na. na. na. na. na.
9C-4H-2 16-36 b.d. b.d. 18.59 81.41 0.05
9C-4H-2 86-106 na. na. na. na. na.
9A-5H-1 61-81 b.d. 2.42 135 76.01 0.20
9A-5H-2 16-36 na. na. na. na. na.
9A-5H-2 86-106 na. n a . na. na. n a .
9C-6H-1 52-72 b.d. b.d. 1.72 80.60 1.43
9C-6H-2 24-44 b.d. b.d. 7 3 2 58.85 0.07
9C-6H-2 9 4 1 1 4 b.d. b.d. 25.13 37.10 0.09
9A-8H-2 70-90 b.d. 1.19 4.41 94.40 0.18
9C-7H-1 33-53 b.d. 1.79 1.14 78.06 031
9C-7H-1 103-123 b.d. 1.71 1.21 59.49 1.98
9A-9H-2 40-60 b.d. 1.16 2.62 57.40 2.40
208
9A-9H-2 80-100 b.d. 125 2.23 72.74 2.09
9C-8H-1 16-36 b.d. 0.63 120 77.05 5.27
9C-8H-1 106-136 b.d. b.d. 41.25 40.10 0.03
9C-8H-4 46-66 na. na. n a . na. na.
9A-10H-3 13-33 na. na. na. na. na.
9A-10H-3 83-103 b.d. 0.69 1.16 11.12 4.35
9C-9H-3 41-61 b.d. 1.84 2.41 41.19 0.34
9C-9H-3 110-130 b.d. 12.96 16.01 44.57 0.28
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Table A3-6. Sterol biomarkers for Core 8.
Sample ID Aquatic Sterols Brassicasterol Cholesterol Plant Sterols Total Sterols
8A-1H-2 0-20 0.43 232 3.20 76.53 531
8A-1H-2 79-90 b.d. 4.92 2.44 39.51 0.05
8A-1H-3 51-71 b.d. 11.08 6.30 39 3 4 0.08
8A-1H-3 140-155 b.d. 1.61 2.29 6 1 3 6 5.21
8A-2H-1 8-28 b.d. 6.31 8.64 51.23 0.06
8A-2H-2 40-55 b.d. 1.22 0 5 9 84.89 10.33
8A-2H-2 110-130 b.d. 9.11 11.68 48.10 0.07
8B-2H-1 100-120 n.a. n.a. n.a. n.a. n.a.
8B-2H-2 48-68 b.d. 13.78 4.99 41.03 0.05
8B-2H-2 118-133 b.d. b.d. 2.02 97.98 0.99
8B-3H-1 56-76 b.d. 1.09 9.30 55.40 0.06
8B-3H-2 43-63 b.d. 0.72 0.43 83.01 3.97
8B-3H-2 93-113 b.d. 2.68 7.73 8 9 3 9 0.10
8C-3H-1 15-35 b.d. b.d. 22.38 77.62 0.02
8C-3H-2 78-98 b.d. b.d. 24.08 b.d. 0.01
8C-4H-1 54-74 n.a. n.a. n.a. n.a. n.a.
8C-4H-1 114-134 n.a. n.a. n.a. n.a. n.a.
8C-4H-2 43-58 b.d. 0.82 0.28 83.65 15.85
8C-4H-2 113-133 b.d. 1.43 0.88 97.68 21.96
8C-5H-1 52-72 b.d. b.d. 2.69 97.31 1.30
8C-5H-2 22-42 b.d. 1.16 1.61 95.69 3.15
8C-5H-2 102-118 b.d. b.d. 2.07 97.93 0.99
8C-6H-1 27-47 b.d. 1.36 2.85 52.63 0 33
8C-6H-1 97-117 n.a. n .a. n.a. n.a. n.a.
8C-6H-3 20-40 b.d. 1.41 0.36 80.79 39.08
8A-14H-2 3-23 b.d. 1.90 11.39 31.44 0.04
8A-14H-2 73-93 b.d. b.d. 15.71 22.61 0.09
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APPENDIX 4: LIGNIN BIOMARKERS FOR CORE SAMPLES
Values of total lignin phenol concentrations (28 in mg g '), carbon normalized lignin 
yields (A8 in mg / 100 mgoc), and ratios of syringyl to vanillyl (S/V) and cinnamyl to 
vanillyl (C/V) phenols, vanillic acid to vanillyln [(Ad/Al)v], and benzoinc acid to 
vanillyln (3,5-Bd:V) are presented for all sediment samples collected from the 
Englerbight lake cores. Each core is presented in a separate table. Values that are below 
detection are indicated with b.d., and samples that were not analyzed for these are
indicated with n.a.
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Table A4-1. Lignin biomarkers for Core 1.
Sample ID £8 A8 s/v c/v (Ad/Al)v 3,5-Bd:V
1A-1H-1 5-15 0.40 1.87 0.30 0.13 0.53 0.06
1A-1H-1 35-45 0.52 2.18 0.31 0.12 0.45 0.05
1A-1H-1 65-75 0.70 2.07 0.29 0.12 0.45 0.05
1D-1H-1 71-81 0.33 2.03 0.85 0.16 0.59 0.07
1D-1H-1 101-111 0.05 0.75 0.41 0.16 0.87 0.13
1D-1H-1 130-137 na. na. na . na. na. na.
1D-1H-2 21-31 0.03 0.44 0.37 0.08 0.78 0.07
1D-1H-2 51-61 0.10 1.14 0.82 0.17 0.50 0.06
1D-1H-2 71-81 n a. na. na. n.a. na. n.a.
1B-2E-2 24-34 0.04 0.56 0.48 0.06 1.08 0.09
1B-2E-2 54-64 0.05 0.67 0.47 0.11 0.99 0.12
1B-2E-2 84-94 0.50 3.76 0.05 0.03 0.33 0.02
1B-2E-2 114-124 0.06 0.81 0.40 0.13 0.86 0.12
1B-2E-3 9-19 0.05 0.60 0.44 0.13 0.91 0.12
1B-2E-3 39-49 0.06 0.78 0.48 0.10 0.96 0.09
1B-2E-3 69-79 0.04 0.55 0.46 0.15 0.34 0.14
1B-2E-3 99-109 0.26 1.52 0.33 0.17 0.45 0.07
1B-2E-3 129-139 0.47 1.63 0.21 0.18 0.44 0.07
1B-3E-1 9-19 0.16 2.09 129 0.15 0.50 0.07
1B-3E-1 39-49 0.20 1.57 0.36 0.19 0.49 0.08
1B-3E-1 69-79 0.01 0.29 0.50 0.01 1.08 0.07
1B-3E-1 99-109 0.01 0.30 0.46 0.00 0.87 0.04
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Table A4-2. Lignin biomarkers for Core 6.
Sample ID 28 A8 S/V C/V (Ad/Al)v 3,5-Bd:V
6F-1H-1 77-97 0.49 2.23 0.30 0.14 0.49 0.06
6F-1H-2 19-39 1.08 2.91 0.33 0.14 0.42 0.05
6E-1H-2 49-69 0.61 2.45 0.31 0.13 0.47 0.05
6E-1H-2 119-139 0.05 1.05 0.38 0.06 0.93 0.06
6F-2H-1 50-70 0.43 1.83 0.27 0.17 0.51 0.06
6E-2H-2 43-63 0.13 1.20 0.33 0.20 0.59 0.09
6F-2H-2 80-100 0.21 1.45 0.38 0.15 0.48 0.04
6F-2H-2 123-143 0.19 1.51 0.30 0.13 0.48 0.06
6B-2H-2 35-55 0.28 1.57 0.31 0.15 0.48 0.07
6F-3E-1 41-61 0.39 1.95 0.30 0.12 0.46 0.05
6E-3E-1 71-91 0.40 2.06 0.36 0.18 0.48 0.07
6E-3E-2 38-58 0.01 0.41 0.45 0.03 0.79 0.07
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Table A4-3. Lignin biomarkers for Core 4.
Sample ID 28 A8 S/V C/V (Ad/Al)v 33-Bd:
4B-1H-1 7-17 0.63 5.14 0.36 0.11 0.48 0.06
4B-1H-1 17-27 0.46 5.43 0.39 0.08 0.36 0.03
4A-1H-1 33-43 6.68 1225 0.31 0.10 0.58 0.03
4A-1H-1 53-63 18.77 18-56 0.39 0.08 0.60 0.03
4A-1H-1 63-73 6.77 15.08 0.38 0.09 0.69 0.02
4A-1H-1 93-103 1.94 7.61 0.37 0.11 0.42 0.03
4A-1H-2 13-23 na. na. n a . na. na. n.a.
4A-1H-2 43-53 2.95 8.36 0.29 0.11 0.52 0.02
4A-1H-2 73-83 n a. na. n a . na. na. n.a.
4A-1H-2 103-113 0.57 4.91 0.31 0.09 0.33 0.03
4A-1H-2 133-143 na. na. n a . na. na. n a .
4B-2H-1 26-36 n a. na. n a . na. n a . n.a.
4B-2H-1 56-64 1.48 8.87 0.35 0.09 0.46 0.05
4B-2H-1 86-95 na. na. n a . n.a. na. n.a.
4A-2H-2 61-71 3.43 12.06 0.21 0.08 0.49 0.03
4B-2H-1 110-118 1.45 7.65 0.34 0.09 0.46 0.04
4B-2H-2 18-28 na. na. n a . na. na . n.a.
4B-2H-2 48-58 2.91 12.65 031 0.06 0.40 0.02
4A-2H-3 17-27 na. na. n a . na. na. n.a.
4A-2H-3 47-57 0.38 3.95 0.38 0.09 0.38 0.06
4A-2H-3 67-77 0.89 13.42 0.28 0.10 0.46 0.04
4A-2H-3 77-87 na. na. n a . n.a. na. n.a.
4A-2H-3 107-117 136 8.91 0 3 2 0.15 0.35 0.05
4B-3H-1 17-27 0.22 2.55 0.35 0.14 0.40 0.07
4B-3H-1 47-57 na. na. n a . na. na. n.a.
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4B-3H-1 74-85 0.76 6.61 0.18 0.08 0.37 0.04
4B-3H-1 107-117 8.62 10.26 0.24 0.09 0.54 0.03
4A-4H-1 59-69 6.20 9.13 0.17 0.11 0.55 0.03
4A-4H-1 89-99 2.91 9.53 0.26 0.07 0.43 0.03
4A-4H-2 1-11 031 3.50 0.29 0.12 0.42 0.07
4A-4H-2 31-41 na. na. na. n.a. na. n a .
4A-4H-2 61-71 na. na . na. na. na. n.a.
4A-4H-2 91-101 2.11 7.49 0.24 0.07 0.33 0.03
4A-4H-2 121-131 na. n a . na. n a . na. n a .
4B-4H-1 61-71 na. n a . na. n a . na. n a .
4B-4H-1 91-101 0 3 0 4.71 0.32 0.11 0.41 0.06
4B-4H-1 121-131 na. n a . na . n a . na. n.a.
4B-4H-2 31-41 na. n a . na. n a . na. n.a.
4B-4H-2 61-71 na. na. na. n a . na. n a .
4A-5H-2 42-52 2.49 9.11 0.23 0.08 0.41 0.03
4A-5H-2 72-82 na. na . na. n.a. na. n.a.
4A-5H-2 102-112 na. na. na. n a . na. n.a.
4A-5H-2 132-142 na. na . na. n a . na. n a .
4B-5H-1 75-85 0.75 5.29 0 3 4 0.08 0.31 0.04
4B-5H-1 105-115 na. n a . na. na. na. n a .
4B-5H-1 137-147 na. n a . na. na. na. n.a.
4B-5H-2 24-34 na. na . na . n a . na. n a .
4B-5H-2 54-64 1.84 6.87 0.28 0.06 0.40 0.03
4B-5H-2 84-94 na. n a . na. n a . na. n a .
4B-5H-2 114-124 na. n a . na. n a . na. n a .
4B-5H-2 140-150 1.03 7.94 0.37 0.09 0.41 0.04
4B-6H-1 23-33 na. n a . na. n a . na. n.a.
4B-6H-1 53-63 0.02 0.90 0.23 0.07 0.43 0.06
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Table A4-4. Lignin biomarkers for Core 7.
Sample ID IS A8 S/V C/V (Ad/Al)v 3,5-Bd:
7C-1H-1 27-37 0.15 6.94 0.32 0.08 0.39 0.04
7C-1H-2 60-70 2.41 7.36 0.13 0.04 0.34 0.02
7C-1H-1 77-87 3.07 20.80 0.58 0.08 0.46 0.02
7C-1H-2 110-120 0.01 1.78 0.19 0.05 0.79 0.12
7C-2H-1 39-49 na. na. na. n.a. na. n a .
7C-2H-1 109-119 0.65 14.34 0.09 0.03 0.28 0.01
7C-2H-2 9-19 na. na. n a . na. na. n.a.
7C-2H-2 59-69 na. na. na. na. na. n a .
7A-2H-2 32-42 0.82 12.16 0.18 0.06 0.30 0.02
7A-2H-2 82-92 2.23 7.94 0.24 0.06 0.38 0.03
7C-3H-1 66-76 1.09 6.67 0.36 0.09 0.41 0.04
7C-3H-1 124-134 na. n a . n a . n a . n a . n.a.
7C-3H-2 25-35 na. na. na. na. n a . n a .
7C-3H-2 95-105 3.12 17.02 0.42 0.04 0.41 0.02
7C-3H-2 125-135 na. na. na. na. n a . n.a.
7C-4H-1 14-24 0.30 4.35 0.36 0.10 0.39 0.06
7C-4H-2 20-30 0.77 15.89 0.44 0.06 0.24 0.01
7C-4H-2 66-76 0.02 3.11 0.11 0.09 0.83 0.29
7C-4H-3 37-47 na. na. na. n.a. na. n a .
7C-4H-3 87-97 na. na. na. na. n a . n a .
7A-4H-2 44-54 0.64 17.89 0.05 0.03 0.36 0.02
7A-4H-2 94-104 54.22 17.45 0.27 0.07 1.25 0.02
7C-5H-1 78-88 4.03 18.06 0.10 0.07 0.36 0.02
7C-5H-1 128-138 18.79 9.79 0.36 0.06 0.54 0.02
7C-6H-1 20-30 35.02 17.59 0.22 0.13 0.47 0.03
216
7C-6H-1 70-80 18.75 14.80 0.42 0.12 0.49 0.03
7C-6H-1 120-137 3.92 11.94 0.26 0.08 0.46 0.03
7C-6H-2 19-29 n £. n a . na. n.a. na. na.
7C-6H-2 69-79 0.01 0.40 0.33 0.11 0.61 0.18
7C-6H-2 119-129 na. na. n a . na. na. na.
7C-7H-1 20-30 1.76 20.76 0.17 0.07 0.46 0.03
7C-7H-1 60-70 n a. na. n a . n.a. na. na.
7C-7H-1 110-120 0.08 2.88 0.14 0.05 0.38 0.05
7C-7H-2 25-35 na. na. n a . na. na. n.a.
7C-7H-2 75-85 5.34 16.15 0.31 0.08 0.86 0.03
7C-7H-2 110-120 n a . na. n a . n.a. na. n a .
7C-8H-1 20-30 na. na. n a . na. na. n a .
7C-8H-1 70-80 na. na. n^. na. na. n.a.
7C-8H-1 116-126 3.81 48.86 0.04 0.03 0.23 0.01
7C-9H-2 33-43 n a. na. n a . na. na. n.a.
7C-9H-2 73-83 0.01 0.78 0.33 0.05 0.42 0.03
7C-9H-2 83-93 na. n a . na. na. na. n.a.
7C-9H-2 132-142 1.08 6.68 0.27 0.08 0.40 0.03
7C-9H-3 38-48 1.14 8.01 0.32 0.08 0.34 0.03
7C-9H-3 88-98 na. na. na. n.a. na. n a .
7C-10H-1 25-35 0.20 7.61 0 3 9 0.05 0.29 0.02
7C-10H-1 75-85 na. I U . na. n a . na. n a .
7C-10H-1 125-135 3.03 19.42 0.08 0.12 0.87 0.04
7C-10H-2 30-40 0.30 5.20 0.32 0.06 0.34 0.03
7C-10H-2 70-80 na. n a . n a . na. na. na .
7C-10H-2 120-130 0.66 5.59 0.38 0.09 0.41 0.04
7C-11H-1 10-20 na. na . n a . n.a. na. n.a.
7C-11H-1 60-70 0.37 5.11 0.34 0.08 0.38 0.05
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7C-11H-2 22-32 0.43 4.72 0.33 0.11 0.42 0.05
7C-11H-2 72-82 na. n a . na. na. na. n a .
7C-11H-2 120-130 0.73 6.75 0.34 0.07 0.39 0.04
7C-12H-1 6-16 0.31 8.80 0.31 0.07 0.36 0.04
7C-12H-1 56-66 1.92 15.04 0.24 0.08 0.44 0.03
7C-12H-1 116-126 0.52 5.48 0.46 0.10 0.37 0.05
7C-12H-2 24-34 na. na. n a . na. na. n a .
7C-12H-2 74-84 na. n a . n a . na. n a . n a .
7C-12H-2 124-134 na. na. na. na. na. n a .
7C-13H-3 23-33 0.08 1.01 0.36 0.12 0.52 0.03
7C-13H-3 73-83 0.05 2.92 0.11 b.d. 0.82 0.03
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Table A4-5. Lignin biomarkers for Core 9.
Sample ID Z8 A8 S/V C/V (Ad/Al)v 33-Bd:
9A-1H-1 12-32 0.07 2.28 0.36 0.40 0.36 0.06
9A-1H-1 82-102 0.09 2.64 0.21 0.07 0.46 0.05
9C-1H-2 65-85 0.00 0.13 0.49 0.07 1.41 0.47
9C-1H-2 115-135 0.13 4.06 0.53 0.15 0.40 0.04
9C-2H-1 15-35 0.45 1.87 0.45 0.16 0.51 0.06
9C-2H-1 85-105 0.07 7.42 2.16 0.10 0.36 0.04
9C-2H-2 47-67 0.00 0.14 0.60 0.10 1.11 0.45
9C-2H-2 117-137 0.17 1.76 0.41 0.12 0.44 0.06
9C-3H-1 27-47 0.02 3.43 0.13 0.16 0 3 0 0.06
9A-3H-1 98-118 0.02 2.23 1.09 0.30 0.57 0.06
9A-3H-2 57-77 0.00 0.35 0.38 0.07 0.73 0.09
9A-3H-2 111-131 na. na . na. n a . na. n.a.
9C-4H-1 33-53 na. n.a. na . n a . na. n.a.
9C-4H-2 16-36 0.00 0.04 0.64 0.11 1.75 0.62
9C-4H-2 86-106 na. n a . na . n.a. na. n.a.
9A-5H-1 61-81 0.00 0.55 0.16 0.06 0.53 0.05
9A-5H-2 16-36 na. na . na . n a . na. n.a.
9A-5H-2 86-106 na. n a . n a . n a . na. n.a.
9C-6H-1 52-72 na. n a . na . n.a. na. na.
9C-6H-2 24-44 0.00 0.23 0.19 0.07 0.37 0.11
9C-6H-2 94-114 0.00 0.18 0.42 0.04 0.70 0.15
9A-8H-2 70-90 na. n a . n a . na. na. n a .
9C-7H-1 33-53 0.07 2.87 0 3 2 0.13 0.37 0.04
9C-7H-1 103-123 0 2 0 1.77 0.46 0.15 0.38 0.06
9A-9H-2 40-60 0.18 1.78 0.46 0.12 0.38 0.05
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9A-9H-2 80-100 0.14 1.52 0.42 0.12 0.40 0.07
9C-8H-1 16-36 0 2 1 2.37 0.42 0.11 0.36 0.05
9C-8H-1 106-136 1.94 10.65 0.30 0.09 0.29 0.03
9C-8H-4 46-66 0.11 1.21 0.47 0.12 0.46 0.06
9A-10H-3 13-33 0.02 0.44 0.47 0.01 1.09 0.05
9A-10H-3 83-103 0.22 1.74 0.43 0.12 0.38 0.05
9C-9H-3 41-61 0.01 0.52 0.52 0.01 1.31 0.03
9C-9H-3 110-130 0.00 0.11 0.28 0.00 2.28 0.00
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Table A4-6. Lignin biomarkers for Core 8.
Sample ID 28 A8 S/V C/V (AdMl)v 33-Bd:V
8A-1H-2 0-20 0 3 8 4.98 0.67 0.16 0.58 0.05
8A-1H-2 79-90 0.00 0.24 035 0.07 1.16 0 2 9
8A-1H-3 51-71 0.00 0.58 0.12 0.02 3.30 0.08
8A-1H-3 140-155 0.17 2.40 0.35 0.19 0.52 0.06
8A-2H-1 8-28 0.00 0.53 0.64 0.12 0.52 0.10
8A-2H-2 40-55 1.18 5.66 0.34 0.10 0.32 0.03
8A-2H-2 110-130 0.00 0.12 033 0.09 1.27 0.40
8B-2H-1 100-120 na. n a . na . n.a. na. na.
8B-2H-2 48-68 0.00 0.18 0.62 0.08 1.08 0.27
8B-2H-2 118-133 0.01 1.87 0.09 0.13 0.23 0.04
8B-3H-1 56-76 na. n a . na. na. na. n a .
8B-3H-2 43-63 0.09 3.36 0.79 0.08 0.27 0.02
8B-3H-2 93-113 0.00 0.80 0.32 0.04 0.52 0.05
8C-3H-1 15-35 na. n a . na. n.a. na. n a .
8C-3H-2 78-98 0.00 0.12 0 3 2 0.11 1.46 0 3 4
8C-4H-1 54-74 na. na . n a . na. na. n.a.
8C-4H-1 114-134 na. na . na. n.a. na. na.
8C-4H-2 43-58 0.85 7.74 0 3 6 0.18 0.34 0.04
8C-4H-2 113-133 1.41 7.92 0.27 0.08 0.34 0.02
8C-5H-1 52-72 0.03 1.21 0.49 0.03 0.47 0.02
8C-5H-2 22-42 0.29 3.47 0.14 0.07 0.30 0.02
8C-5H-2 102-118 0.10 4.43 0.16 0.03 0.35 0.01
8C-6H-1 27-47 0.01 0.65 0.43 0.02 0.96 0.03
8C-6H-1 97-117 na. na. na. na. na. na .
8C-6H-3 20-40 1.75 6.15 0.32 0.11 0.28 0.03
8A-14H-2 3-23 0.00 0.27 0.43 0.06 1.54 0.27
8A-14H-2 73-93 0.01 0.74 0.45 0.01 1.92 0.09
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